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ABSTRACT 
 
The accumulation of CO2 and other greenhouse gases in the atmosphere has led to global 
warming. These climate changes are threatening the earth and its inhabitants. So, the clathrate hy-
drates formation application is interesting to many researchers and experts.This research is focused on 
minimizing CO2 capture using clathrate hydrates formation because CO2 is attributed to a large por-
tion of global warming. 
Clathrate hydrates are are non-stoichiometric crystalline compounds formed by a physical 
reaction between small guest molecules and host water molecules at low temperature and high pres-
sure conditions. Water molecules form a framework while the guest molecules are trapped. These two 
different molecules are mechanically intermingled but not chemically. Clathrate hydrates have many 
technological applications, such as separation processes, natural gas storage/transportation and carbon 
dioxide sequestration. These clathrate hydrate-based technologies are expected to be an innovative 
method for solving energy and environmental issues. However, the major drawback of the clathrate 
hydrate-based technologies is that they require the maintenance of a specific temperature and pressure 
for storing or capturing gas molecules in the hydrate cages. 
Clathrate hydrates can be divided into true and semi clathrate hydrates. These hydrates have 
many similar physical and chemical properties, but the main difference between the two is that there 
exists a chemical interaction between the host and guest molecules. The chemical interaction between 
semiclathrate hydrates is not yet fully understood. Recently, semi-clathrate hydrates have been report-
ed to be formed by the existence of a hydrate promotor such as quaternary ammonium salts (QASs), 
amines, and alcohols. The presence of a hydrate promotor forms semiclathrate hydrates under a higher 
temperature and lower pressure conditions when compared with the pure hydrate systems. Semi-
clathrate hydrates have unoccupied cages which can be applied to gas separation/sequestration for 
capturing CO2. Quaternary ammonium salts (QASs) form semiclathrate hydrates under higher tem-
perature and lower pressure conditions when compared with the pure hydrate systems. These semi-
clathrate hydrates have vacant small cages which can be used for capturing small-sized gas molecules, 
while the large cages are occupied by the TBA cation.  
The main purpose of this study is to develop an innovative energy-efficient and eco-friendly 
CO2 separation method using semiclathrate hydrates formation, formed by quaternary ammonium 
salts (QASs). This research is based on selective partitioning of the CO2 and N2 (or H2) gases during 
hydrates formation. CO2 has a higher occupancy in the hydrate phase, even though both gases can 
form hydrates, since CO2 has a larger molecular diameter and more thermodynamic stability than N2 
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(or H2). The feasibility of the semiclathrate hydrates based CO2 capture method will be examined 
with a focus on the macroscopic phase behavior and microscopic analytical methods such as NMR, 
and Raman spectroscopy to investigate the guest gas enclathration behavior. In addition, thermal 
properties will also be measured using a high pressure micro differential scanning calorimeter (HP μ-
DSC) in order to provide heat of formation and dissociation values of semiclathrate hydrates. 
 In this study, clathrate-based CO2 capture from flue and fuel gas was investigated in the 
presence of quaternary ammonium salts (QASs) as a semiclathrate former (tetra-n-butyl ammonium 
bromide (TBAB), chloride (TBAC), and fluoride (TBAF)), tetrahydrofuran (THF) as a water-soluble 
sII hydrate former, and cyclopentane (CP) as a water-insoluble sII hydrate former. The clathrate stabil-
ities of the CO2 (20%) + N2 (80%) + promoter systems and the CO2 (40%) + H2 (60%) + promoter 
systems were measured using an isochoric method. The clathrate equilibrium pressures at a specified 
temperature were significantly reduced in the presence of these thermodynamic promoters. Gas stor-
age capacity and CO2 composition analysis in both vapor and clathrate phases were conducted using 
gas chromatography. The CO2 in flue gas mixtures was found to be enriched approximately 61% in 
semiclathrate phase. In addition, the 5.6 mol% THF solution showed the largest gas storage capacity 
during the clathrate formation, but it demonstrated the lowest CO2 concentration (35%) in the clath-
rate phase after the completion of clathrate formation. In addition, the CO2 in fuel gas mixtures was 
found to be enriched approximately 95% in semiclathrate phase after the completion of semiclathrate 
formation. The inclusion of CO2 in the clathrate phase was also confirmed via Raman spectroscopy. 
The overall experimental results are useful for the clathrate-based CO2 capture process from flue and 
fuel gas. 
iii 
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Chapter I 
Introduction  
 
1.1. Introduction 
 
  Carbon dioxide (CO2) and other greenhouse gases is suspected as a major source of 
global warming [1]. These climate changes are threatening the earth and its inhabitants. So, gas 
hydrates formation is interesting to many researchers and experts. There are a variety of tech-
nologies using gas hydrates formation, such as separation processes, natural gas stor-
age/transportation and carbon dioxide sequestration (figure 1.1) [2-13]. This research is focused 
on minimizing CO2 capture using hydrates formation because carbon dioxide is attributed to a 
large portion of global warming. 
 
Figure 1.1. Gas hydrate-based applications. 
 
My first goal is to uncover the principles and foundations related to the formation of gas hy-
drates and semiclathrate. Then, various experimental methods are conducted to reveal semiclathrate 
formation and dissociation mechanisms at suitable conditions because semiclathrate and their deri-
vates tend to dissociate naturally in ambient conditions. The ultimate goal of this research is to find 
the optimal conditions needed for capturing CO2 within semiclathrate to reduce suspected global 
warming gas. 
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1.1.1. Gas hydrates 
 
 
Figure 1.2. The inclusion compound of gas hydrate [28]. 
 
 Gas hydrates are non-stoichiometric crystalline compounds formed by a physical reac-
tion between small guest molecules and host water molecules at low temperature and high pres-
sure conditions [14]. Water molecules form a framework while the guest molecules are trapped 
as shown in (Figure 1.2.). These two different molecules are mechanically intermingled but not 
chemically [15]. 
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1.1.2. Crystal structures 
 
Table 1.1. Characteristics of gas hydrate structure [14]. 
Hydrate structure I II H 
Cavity Small Large Small Large Small Medium Large 
Structure 512 51262 512 51264 512 435663 51268 
No. of cavities/unit cell 2 6 16 8 3 2 1 
Average cavity radius (°̇) 3.95 4.33 3.91 4.73 3.91 4.06 5.71 
Variation in radius (%) 3.4 14.4 5.5 1.73 4 8.5 15.1 
No. of water mole-
cules/cavity 20 24 20 28 20 20 36 
 
 
 
 
 
Figure 1.3. Unit cell of gas hydrate structures [29]. 
 
The host framework of gas hydrates is classified as structure I (sI), structure II (sII), and 
structure H (sH). The gas hydrate framework structure can take on different forms, the Structure I (sI) 
and Structure II (sII) is most common forms [14]. Gas hydrate structures are composed of different 
types of lattices and size. The all clathrate hydrates have pentagonal dodecahedron (512) cages of wa-
ter molecules. It has 12 regular pentagonal faces, 20 vertices, and 30 edges. These are five representa-
tive cavities; pentagonal dodecahedron (512), tetrakaidecahedron (51262), hexakaidecahedron (51264), 
irregular dodecahedron (435663), and icosahedron (51268). The cavities size and geometric information 
are shown in (Figure 1.3.), and the data are represented in (Table 1.1.).  
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Figure 1.4. Gas hydrate structure sI, sII, and sH [30]. 
 
Each structure has a different unit of cavities which shown in (Figures 1.3. and 1.4.). The 
structures depend on the size of the guest gas molecule which is captured in empty cages of gas hy-
drate [14]. 
structure I: If the size of gas hydrate formers (guests gas) is in the range of 4.2 and 6.0; CH4, C2H6, 
CO2, and H2S. Structure I (sI) hydrates are made up of 8 polyhedral cages; 6 large ones and 2 small 
[29]. 
structure II: If the size of gas hydrate formers (guests gas) is smaller than 4.2 or larger than 6.0; 
C3H8, iso-4H10, N2. Structure II (sII) hydrates are made up of 24 polyhedral cages; 8 large ones and 
16 small [29]. 
structure H: Ripmeester (1987) found a new hydrate structure, called structure H (sH). This structure 
has three sizes of cavities and are formed by larger molecules, but only in the presence of a smaller 
helper gas molecule, such as CH4, Xe, and H2. Structure H hydrates are made up of 6 polyhedral cag-
es; 1 large, 3 medium, and 2 small. The large molecule occupies the large cage and the small molecule 
occupies the small and medium cages. Structure H formers include: 2-methylbutane, methylcyclopen-
tane, methylcyclohexane, and cyclooctane [29].  
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1.1.3. Trend of applications 
 
The consumption of fossil fuels such as natural gas, coal, and oil leads to climate changes. 
The worldwide energy demands are rapidly increasing for a decade and the CO2 is exponentially pro-
duced. The CO2 capture and disposal has become an important research for mitigating CO2 emissions.  
CCS (Carbon Capture and Storage) process can divide for separation, transportation, and un-
derground deposit. In the CCS process, CO2 separation has required a large amount of expense for 
handling. Moreover, there are comprehensive studies that are investigated for developing the energy 
efficient and environmentally friendly technology for separation of the CO2 from large emission 
sources. CO2 can be separated and captured using absorption, adsorption, or membrane technologies 
from flue or fuel gas. Recently, the dominant CO2 capture technology is absorption method with 
amines. Other technology such as membrane, adsorption, and Metal-Organic Frameworks (MOFs) 
technologies are still being investigated.  
Clathrate-based CO2 capture can be a novel approach as clean technology to reduce CO2  
because clathrate can form with only water and gas molecules. In addition, the clathrate-based tech-
nologies can be controlled by depressurization or heating. A recent study [21] provided a clathrate-
based CO2 separation can recover more than 99 % CO2 with several clathrate formation processes. 
Park et al. [22] also studied the semiclathrate-based fuel gas separation at milder condition than that of 
gas hydrate formation condition. This study is targeting to find the confirmation of the feasibility for  
the semiclathrates-based post-and pre-combustion CO2 capture. The experimental results provide 
fundamental key variables for designing and operating the semiclathrates-based CO2 capture process.   
6 
 
1.2. Thermodynamic hydrate promotion 
 
 
Figure 1.5. Gas hydrate phase equilibrium. 
 
The (Figure 1.5.) shows a typical p-T diagram of a gas hydrate. This equilibrium data area is 
a very important to predict the conditions of their stability both theoretical and practical reasons. The 
equilibrium curve provides the hydrate stability region. The clathrate hydrates can form under the left 
of equilibrium line. If the curve shifted towards lower temperatures and higher pressure, it is more 
stable.  
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Figure 1.6. Classification of clathrate hydrate. 
 
 Clathrate hydrates are crystalline water-based solids physically resembling ice. Clathrate 
hydrates can be divided into true- and semi-clathrate hydrates. These hydrates have many similar 
physical and chemical properties, but the main difference between the two is that there exists a chem-
ical interaction between the host and guest molecules. The chemical interaction between semiclath-
rates is not yet fully understood. This research will focus on the understanding semiclathrates for-
mation and their role in capturing CO2. 
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1.2.1. sII hydrates  
 
 
Figure 1.7. THF hydrate formation (sII structure) [31]. 
 
Tetrahydrofuran (THF), which is completely miscible in water, and cyclopentane (CP), 
which is immiscible in water, are well-known thermodynamic sII hydrate promoters and these sII hy-
drate former has been studied exhaustively and broadly [16-21, 23-24]. Adding THF and CP to the 
hydrate formation system, the gas hydrate equilibrium pressure can significantly decrease at a given 
temperature and pressure condition because they are enclathrated in large cages of sII hydrates, which 
results in significant thermodynamic stabilization. However, these conventional thermodynamic pro-
moters, such as THF and CP, have several disadvantages to their use in actual processes. They are 
highly volatile and toxic, indicating that an additional process for further purification of the gas phase 
and complete recovery from the liquid phase is required after use [26, 27]. A significant loss after re-
peated use can also be expected because of their high volatility. When compared with water-miscible 
promoters, the liquid phase of CP needs more vigorous agitation to enhance the gas - liquid contact 
area for gas hydrate formation because of its immiscibility in water, which suggests a larger energy 
requirement for the actual application.  
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1.2.2. Semiclathrates 
 
Figure 1.8. TBAC semiclathrate. 
 
Recently, semiclathrates have been reported to be formed by the existence of a hydrate pro-
motor known as quaternary ammonium salts (QASs), amines, and alcohols. In the presence of these 
hydrate promoter, semiclathrates have unoccupied small cages which can be applied for gas capturing, 
while the large cages are charged by the TBA cation. Tetra-n-butyl ammonium bromide (TBAB) and 
tetra-n-butyl ammonium fluoride (TBAF) well known as QASs promoters are broadly studied but 
TBAC are rarely attention. The TBAC semiclathrate is expected to have similar properties with 
TBAB and TBAF. 
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Chapter II 
Experimental section 
 
2.1. Experimental 
 
2.1.1. Materials 
 
The CH4 with a purity of 99.95 % was purchased from Gasvally Co. (Republic of Korea) 
and the CO2 with a purity of 99.99 % was supplied by the PSG Gas Co. (Republic of Korea). N2 with 
a purity of 99.9% was supplied from MS Gas Co. (Korea). The gas mixture of CO2 (20%) + N2 
(80%) and CO2 (40%) + H2 (60%) was supplied by MS Gas Co. (Republic of Korea). TBAB 
(99.9% purity), TBAC (97.0% purity), TBAF (75.0% solution in water), THF (99.0% purity), and CP 
(99.0% purity) were purchased from Sigma-Aldrich Chemical Co. (USA). Double distilled and deio
-nized water was used in this experiment. 
  
14 
 
2.1.2. TiAAB synthesis 
 
Tetra-iso-amyl ammonium Bromide (TiAAB): Triisopentylamine and isopentyl bromine 
were refluxed in acetonitrile under nitrogen for 72 h. The solvent was evaporated by heating under 
vacuum, and the crystals were then dissolved in ethyl acetate. The TBAB was recrystallized overnight 
at 275.0 K. The crystals were then filtered from the solution and the process was repeated twice. The 
crystalline mass was dried in a vacuum oven at 313.0 K. 
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2.2. Experimental apparatus & procedure 
 
2.2.1. Stability condition measurements 
 
The dissociation equilibrium temperatures of pure TBAC semiclathrate were measured under 
an atmospheric pressure condition by using an Erlenmeyer flask that was immersed in a water bath 
circulator (RW-2040G, JEIOTECH, Republic of Korea) with a magnetic bar inside. The temperature 
of the water bath was lowered until pure TBAC semiclathrate crystals appeared. The temperature was 
also maintained for more than 6 h for complete conversion. Then, it was slowly increased in steps of 
0.1 K/h until the semiclathrate crystals disappeared. The point where the final semiclathrate crystal 
disappeared was considered as the dissociation equilibrium temperature of the pure TBAC semiclath-
rate at each TBAC concentration.  
 
 
Figure 2.1. Schematic diagram of an experimental apparatus for measuring semiclathrate stability 
conditions.  
 
(Figure 2.1.) shows an experimental apparatus for measuring semiclathrate stability condi-
tions. The equilibrium cell was constructed of 316 stainless steel. It had an internal volume of approx-
imately 250 cm3. The cell has sapphire windows located at the front and opposite sides, which allow 
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for the visual observation of semiclathrate formation and dissociation processes. The equilibrium cell 
was immersed in a water bath, which was temperature-controlled using an external circulator (RW-
2040G, JEIOTECH, Korea). During the experiment, an impeller-type stirrer was used to agitate the 
aqueous solution in the cell. The internal temperature was measured by a thermocouple with ± 0.1 K 
accuracy, which was calibrated with ASTM 63 C (H-B Instrument Company, USA) with ± 0.02 K 
accuracy from 265.15 to 305.15 K. The pressure in the cell was measured by a pressure transducer (S-
10, WIKA, Germany), which was calibrated using a Heise Bourdon tube pressure gauge (CMM-
140830, 0-20.0 MPa, Ashcroft, Inc. USA) with an error of ± 0.02 MPa. 
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Figure 2.2. p-T trace for determination of equilibrium dissociation (CH4 +TBAC + water).  
 
 
The three-phase (H-LW-V) clathrate equilibria were measured using an isochoric method 
(pressure variation versus temperature at constant volume (pVT)) with step heating and cooling (Fig-
ure 2.2.). The equilibrium cell was initially charged with 70 cm3 of TBAB, TBAC, TBAF, TiAAB, 
THF, or CP solution. Then, gas was supplied into the cell up to the desired pressure. The cell was 
slowly cooled in steps of 1.0 K/h in order to initiate the clathrate formation, which could be detected 
by abrupt pressure decreases. After a sufficient time was given for the complete conversion of the so-
lution into the clathrate, the temperature was raised in steps of 0.1 K/90 min until all clathrate crystals 
disappeared. The three-phase (H-LW-V) equilibrium point at a given pressure was determined at the 
intersection of the clathrate dissociation and thermal expansion lines, and this procedure was repeated 
at each pressure condition.  
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2.2.2. Differential scanning calorimeter (DSC) 
 
The onset temperature and dissociation enthalpy of pure TBAC and TiAAB semiclathrate 
was measured using a differential scanning calorimeter (DSC, Q 200, TA instruments, USA). 11.0 mg 
of the TBAC and TiAAB solution was encapsulated in a Tzero hermetic pan and lid using a sample 
press (Tzero, TA instruments, USA), and the pan was then loaded into the apparatus. Its temperature 
was reduced to 243.15 K for the nucleation of semiclathrate. After confirming the complete conver-
sion of the TBAC and TiAAB solution to a TBAC and TiAAB semiclathrate, its temperature was 
raised to 323.15 K for the dissociation of the TBAC and TiAAB semiclathrate. The entire cooling and 
heating process was conducted at a rate of 1.0 K/min. The dissociation enthalpy of the TBAC and Ti-
AAB semiclathrate was obtained from the integration of an endothermic peak generating from the 
TBAC and TiAAB semiclathrate dissociation. 
A high-pressure micro-differential scanning calorimeter (HP μ-DSC VII evo, Setaram Inc., 
France) was used to measure the dissociation enthalpies (ΔHd) of the N2 + TBAC semiclathrates and 
CO2 (40%) + H2 (60%) + TBAC semiclathrates under high pressure (Figure 2.3.). The HP μ-DSC 
device consists of a reference cell and a sample cell, with an operating pressure range of 0 - 40 MPa 
and an operating temperature range of 228.15 - 393.15 K. The HP µ-DSC had a resolution of 0.02 µW 
with a temperature deviation of ± 0.2 K.  
For the ΔHd measurements, the sample cell was charged with approximately 10.0 mg of 
TBAC solutions, whereas the reference cell was left empty. Then, the cells were inserted into the fur-
nace and pressurized with gas to the desired pressure. A multi-cycle mode of cooling and heating was 
applied to the cells in order to enhance the conversion of the TBAC solution to the TBAC semiclath-
rate because there was no agitation in the liquid phase in the sample cell. The HP μ-DSC cells were 
initially cooled to 263.15 K at a cooling rate of 1.0 K/min. Then, the cells were heated to a tempera-
ture lower than the equilibrium dissociation temperature of the N2 + TBAC semiclathrates and CO2 
(40%) + H2 (60%) + TBAC semiclathrate, but higher than the dissociation temperature of the pure 
TBAC semiclathrate at a heating rate of 1.0 K/min. Through repeating cycles of cooling and heating, 
the fraction of the N2 + TBAC semiclathrate and CO2 (40%) + H2 (60%) + TBAC semiclathrate was 
gradually increased and the complete conversion of the TBAC solution to the N2 + TBAC semiclath-
rate and CO2 (40%) + H2 (60%) + TBAC semiclathrate was confirmed via the disappearance of fur-
ther formation and dissociation peaks for the pure TBAC semiclathrate from the heat flow curve. 
Then, the temperature was heated to 313.15 K for the dissociation of the N2 + TBAC semiclathrate 
and CO2 (40%) + H2 (60%) + TBAC semiclathrate. The dissociation enthalpies of the CO2 (40%) + 
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H2 (60%) + TBAC semiclathrates at a specified pressure were obtained through the integration of 
each endothermic heat flow curve. The equilibrium dissociation temperatures of the CO2 (40%) + H2 
(60%) + TBAC semiclathrates were also determined from the onset temperatures of the endothermic 
heat flow curves. 
For ΔHd measurements of the QAS semiclathrates, approximately 11.0 mg of QAS solution 
were charged into the sample cell. Then, the cells were pressurized with the CO2 (20%) + N2 (80%) 
to 3.1 MPa. Because no agitation is applied for mixing the liquid phase in the HP μ-DSC, a multi-
cycle mode of cooling and heating was adopted to completely convert the QAS solution to the QAS 
semiclathrate. The HP μ-DSC cells were initially cooled down to 263.15 K with a cooling rate of 1.0 
K/min and then, heated up to a temperature that was higher than the dissociation temperature for each 
pure QAS semiclathrate but lower than the equilibrium dissociation temperature for each semiclath-
rate with a heating rate of 0.5 K/min at 3.1 MPa. After repeating the cycles of cooling and heating, the 
temperature was raised up to 313.15 K for the dissociation of the QAS semiclathrates with CO2 (20%) 
+ N2 (80%). The dissociation enthalpies of each CO2 (20%) + N2 (80%) + QAS semiclathrate were 
determined by the integration of each endothermic heat flow curve. 
 
 
Figure 2.3. Schematic diagram of experimental apparatus for dissociation enthalpy.   
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2.2.3. Gas uptake and CO2 composition measurements 
 
 
 
Figure 2.4. Schematic diagram of experimental apparatus for gas uptake and gas composition analysis. 
 
The gas uptakes of the CO2 (20%) + N2 (80%) (or CO2 (40%) + H2 (60%)) + promoters + 
water systems were measured during clathrate formation. The volumetric gas consumption due to the 
enclathration of CO2 and N2 (or H2) into the clathrates was measured under isothermal and isobaric 
conditions. A micro-flow syringe pump (ISCO, Model 500D, USA) was used to maintain the constant 
pressure of the reactor during the semiclathrate formation process. The gas uptake measurement was 
conducted in a batch manner with a fixed amount of the solutions. The volume of the supplemented 
gas to the reactor was recorded at a regular time interval of 5 min for 160 min, and was then converted 
to moles of gas consumed during clathrate formation. 
CO2 concentrations in the vapor and clathrate phases were measured with a gas chromato-
graph (7890A, Agilent, USA), which is equipped with a sampling valve (Rheodyne, Model 7010, 
USA) with a loop volume of 5 µl and connected to the reactor through a high-pressure metering pump 
(Eldex, USA). Changes in CO2 concentration in the vapor phase were measured at regular time inter-
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vals during semiclathrate formation, whereas CO2 concentrations in the clathrate phase were meas-
ured after the completion of semiclathrate formation. In order to measure CO2 concentrations re-
trieved from the clathrate phase, the vapor phase was evacuated after the reactor was cooled to ap-
proximately 173 K, and then, the entire clathrate phase was dissociated at 308.15 K. All the experi-
ments for the gas uptake and CO2 composition measurements were performed at 3.0 MPa for post 
combustion CO2 capture and 4.0 (and 8.0) MPa for pre combustion CO2 capture with a driving force 
(ΔT) of 5.0 K, which is defined as the temperature difference between the equilibrium and the exper-
imental temperatures. 
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2.2.4. 13C NMR & Micro Raman and in-situ Raman analyses 
 
 
Figure 2.5. Schematic diagram of In-situ Raman apparatus. 
 
Samples of clathrates for 13C NMR and Raman analyses were prepared using the same appa-
ratus as was used for stability condition measurements. The clathrates samples were ground into fine 
powder in a mortar filled with liquid nitrogen. The Korea Basic Science Institute (KBSI) provided a 
Bruker 400 MHz solid-state FT-NMR spectrometer to confirm the enclathration of guest gases in the 
clathrates. The powdered semiclathrate samples were placed into a 4 mm o.d. Zr rotor, which was in-
serted in a variable-temperature probe at 243 K. NMR spectra for the pure and double clathrates were 
obtained at a Lamor frequency of 100.6 MHz with magic angle spinning (MAS) between 2 and 4 kHz. 
The pulse length of 2 µs and pulse repetition delay of 10 s under proton decoupling were employed 
when a radio frequency field strength of 50 kHz corresponding to 5 µs 90˚ pulses was used. The ex-
ternal chemical shift reference was set to the downfield carbon resonance peak of adamantane (38.3 
ppm at 300 K). 
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For Raman measurements, the clathrates sample was powdered and then, compacted into cy-
lindrical pellets of 1.0 cm diameter and 0.3 cm height. The sample was then analyzed using a Raman 
spectrometer (Alpha 300R, WITec, Germany) with a thermoelectrically cooled CCD detector and 
1800 grooves/mm holographic grating. The Raman spectra were recorded under an atmospheric con-
dition at approximately 123 K to avoid semiclathrate dissociation. The low temperature condition was 
maintained using a liquid N2 vapor-controlled freezing cryostat. Additional information about the ex-
perimental procedure and analytical methods can be found in our previous papers. 
The semiclathrate formation process and the enclathration of the guest gas in the semiclath-
rate phase were monitored using an in-situ fiber coupled Raman spectrometer (SP550, Horiba, France) 
with a multichannel air cooled CCD detector and 1800 grooves/mm grating (Figure 2.5.). A fiber optic 
Raman probe that was installed in the high pressure reactor provided time dependent Raman spectra 
as semiclathrate formation proceeded. A more detailed description of the experimental methods and 
procedure are given in our previous papers [1-5]. 
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Chapter III 
QAS semiclathrates without/with a single guest (CH4, CO2, N2) 
 
3.1. Introduction 
 
Semiclathrates are a promising alternative to gas hydrates for these technological applica-
tions because they generally form cage lattices under milder conditions. Quaternary ammonium salts 
(QASs) including tetra-n-butyl ammonium bromide (TBAB), fluoride (TBAF), chloride (TBAC), and 
tetra-iso-amyl ammonium bromide (TiAAB) form semiclathrates under atmospheric pressure [1-6]. 
These semiclathrates are chemically and physically similar to gas hydrates, but the primary difference 
is that in semiclathrates, there exist chemical or ionic interactions between the host water and guest 
molecules. The small dodecahedral (512) cages of QAS semiclathrates are typically left vacant, which 
can be used for storing or capturing small-sized gas molecules, while large cages are partially broken 
and occupied by large-sized cations [2-8].  
TBAC semiclathrates have higher dissociation temperatures than TBAB semiclathrates under 
atmospheric pressure and can store a higher amount of gas molecules in vacant small cages than in 
TBAF semiclathrates [9-12]. Among the QASs, TBAB and TBAF have been broadly examined as a 
tool for gas storage or CO2 capture [3, 9, 10, 13-18], whereas TBAC, which is expected to have better 
physico-chemical properties for technological applications, has not been thoroughly examined as a 
semiclathrate former [19, 20]. In addition, TiAAB as thermodynamic promotor has expected to have 
high thermodynamic stabilities than other quaternary ammonium salts. Therefore, this study was thor-
oughly investigated of QAS semiclathrates, concentrating on dissociation enthalpies analyses for their 
potential application to natural gas storage and CO2 capture. 
The thermodynamic stability conditions of pure QAS semiclathrates and double QAS semi-
clathrates were experimentally measured at different concentrations. A differential scanning calorime-
ter (DSC) was used to measure the dissociation enthalpy of the QAS semiclathrate. In addition, the 
enclathration of guest molecules in the clathrate lattices was confirmed via 13C NMR and in-situ Ra-
man spectroscopy. 
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3.2. Results and discussion 
 
3.2.1. Phase equilibria of QAS semiclathrates and spectroscopic analysis 
 
The dissociation equilibrium temperatures of pure TBAC semiclathrates were measured and 
found to be 282.3, 288.0, and 287.0 K at 1.0, 3.3, and 5.0 mol% of TBAC solutions, respectively, un-
der atmospheric pressure conditions. The results are presented in (Figure 3.1) with data from previous 
studies [19, 21, 22]. Aladko et al. [23] and Rodionova et al. [5] revealed that pure TBAC semiclath-
rates have three crystal structures with different hydration numbers: TBAC·(32.2±0.4) H2O (h32), 
TBAC· (29.7±0.4) H2O (h30), and TBAC·(24.8±0.4) H2O (h24). As can be seen in (Figure 3.1.), the 
TBAC semiclathrate is the most stable at a stoichiometric concentration (3.3 mol%) of 
TBAC·29.7H2O, where the equilibrium temperature is 288.0 K. This result is in line with the meas-
urements obtained by previous researchers. The dissociation temperature of the TBAC semiclathrate 
was increased with an increasing TBAC concentration from 1.0 to 3.3 mol %, but the temperature de-
creased when the concentration increased further to 3.3 mol %. The decrease in the dissociation equi-
librium temperature of TBAC semiclathrates at a TBAC concentration more than 3.3 mol % can be 
attributed to the presence of unclathrated ions of TBAC. TBA+ and Cl-, which were not in the semi-
clathrate lattices, acted as inhibitors, disrupting the hydrogen bonding of water molecules in the host 
lattices.  
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Figure 3.1. Dissociation equilibrium temperatures of pure TBAC semiclathrates under an atmospheric 
pressure condition. 
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(Figure 3.2.) shows the DSC thermogram of pure TBAC semiclathrate formed from a 3.3 
mol% solution under an atmospheric pressure condition. The dissociation enthalpy of pure TBAC 
semiclathrate obtained from the integration of an endothermic dissociation peak was 204.8±1.7 J/g. 
The onset temperature of the endothermic peak, which is taken as the dissociation equilibrium tem-
perature at a given pressure [24], was found to be 288.0 K. The onset temperature of the TBAC semi-
clathrate with 3.3 mol% was identical to the equilibrium temperature presented in (Figure 3.2.), which 
was measured in the conventional reactor. In (Figure 3.2.), no ice melting peak was observed around 
273.15 K, which indicates the complete conversion of the TBAC 3.3 mol% solution to a semiclathrate 
of TBAC·29.7H2O. 
The measured dissociation enthalpy value 204.8±1.7 J/g of the TBAC semiclathrate was in 
good agreement with the values in previous studies [11, 21, 25, 26]. This can be a good criterion for 
estimating the thermodynamic stability of each QAS semiclathrate. The dissociation enthalpy of the 
TBAB·26.0H2O semiclathrate is 193.0 J/g [4, 25] and that of the TBAF·28.6H2O semiclathrate is 
234.9 J/g [15]. Judging from both the dissociation temperature and enthalpy of each QAS semiclath-
rate, the semiclathrate with a higher dissociation enthalpy also has a higher dissociation equilibrium 
temperature, which corresponds to a higher thermodynamic stability. Therefore, the TBAC·29.7H2O 
semiclathrate is more stable than the TBAB·26.0H2O semiclathrate, but less stable than the 
TBAF·28.6H2O semiclathrate. However, small cages of the TBAF·28.6H2O semiclathrate are partial-
ly filled with the water molecules [4, 25], which means that a much smaller number of dodecahedral 
(512) cages is available for capturing target gas molecules compared with other QAS semiclathrates. 
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Figure 3.2. Dissociation thermogram of pure TBAC (3.3 mol%) semiclathrate in DSC under an at-
mospheric pressure condition. 
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Figure 3.3. Dissociation thermograms of the pure TBAC semiclathrates (1.0, 3.3, and 5.0 mol%) un-
der atmospheric pressure. 
 
The phase equilibria and dissociation enthalpies of TBAC semiclathrates were investigated at 
three different TBAC solutions of 1.0, 3.3, and 5.0 mol% in order to confirm the effects of both excess 
water and TBAC molecules on the stability conditions of TBAC semiclathrates. The DSC thermo-
grams obtained from the dissociation of pure TBAC (1.0, 3.3, and 5.0 mol%) semiclathrates under 
atmospheric pressure are presented in (Figure 3.3.). The TBAC (3.3 mol%) semiclathrate exhibited 
only one endothermic peak without an ice melting peak during the semiclathrate dissociation, which 
indicates that all water molecules reacted with TBAC molecules to form the TBAC semiclathrate 
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(TBAC·29.7H2O) at the stoichiometric concentration of 3.3 mol%. However, the TBAC (1.0 mol%) 
semiclathrate demonstrated two distinct endothermic peaks. A large peak originated from the ice melt-
ing due to the presence of excess water in the 1.0 mol% solution and a small peak emanated from the 
TBAC semiclathrate dissociation. Interestingly, the TBAC (5.0 mol%) semiclathrate also exhibited a 
small ice melting peak as well as a large semiclathrate dissociation peak. The appearance of the ice 
melting peak for the TBAC (5.0 mol%) semiclathrate could be attributed to the unclathrated ions of 
both TBA+ and Cl-, which can inhibit the complete conversion of the TBAC solution into the TBAC 
semiclathrate. 
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Figure 3.4. Dissociation equilibrium temperatures of the pure TBAC semiclathrates under atmospher-
ic pressure using DSC. 
 
The dissociation equilibrium temperatures of the pure TBAC semiclathrates obtained from the 
DSC thermograms under atmospheric pressure are presented in (Figure 3.4.) and are compared with 
the values reported in the literature [19, 21, 22, 27]. The onset temperature, which is defined as the 
intersection of an extrapolated baseline with a line tangent to the inflection point of the endothermic 
DSC curve, can be taken as the equilibrium dissociation temperature for each TBAC semiclathrate. As 
seen in (Figure 3.4.), the dissociation equilibrium temperatures of the TBAC (1.0, 3.3, and 5.0 mol%) 
solutions were 282.3, 288.0, and 286.7 K, respectively, and these are in good agreement with our pre-
vious results obtained using the conventional method, as well as other literature values [19, 21, 22, 
27]. 
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Figure 3.5. Three-phase equilibria of the CH4 + TBAC (1.0, 3.3 and, 5.0 mol %) + water systems. 
 
The three-phase equilibria (H - LW - V) of the CH4 + TBAC + water systems were measured 
at three different TBAC concentrations of 1.0, 3.3, and 5.0 mol%. The experimental results were tabu-
lated in (Table 3.1.) and shown in (Figure 3.5.). The double CH4 + TBAC semiclathrates showed a 
significantly enhanced thermodynamic stability compared to pure CH4 hydrate. As can be seen in 
(Figure 3.5), at 3.0 MPa the equilibrium temperature of the CH4 + TBAC semiclathrate formed from 
3.3 mol% solution was higher by 15 K than the pure CH4 hydrate. As was observed in (Figure 3.2), 
the maximum stabilization happened at TBAC 3.3 mol%, which is also the stoichiometric 
concentration of the TBAC·29.7H2O semiclathrate. 
34 
 
Table 3.1. Semiclathrate phase equilibrium data for the CH4 + TBAC + water systems. 
1.0 mol %  3.3 mol %  5.0 mol % 
T/K P/MPa  T/K P/MPa  T/K P/MPa 
286.6 1.08  289.5 1.04  288.5 1.21 
288.7 2.74  290.6 2.74  289.6 2.84 
290.4 4.39  291.9 4.34  291.3 4.54 
291.5 5.67  292.9 5.71  291.9 5.72 
292.5 7.47  294.1 7.28  292.9 7.45 
293.6 9.57  295.2 10.56  293.8 9.62 
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Figure 3.6. Three-phase equilibria of the CO2 + TBAC (1.0, 3.3 and, 5.0 mol %) + water systems. 
 
The stability conditions of the double CO2 + TBAC semiclathrates with varying TBAC con-
centrations of 1.0, 3.3, and 5.0 mol% are shown in (Figure 3.6.). The overall results are also summa-
rized in (Table 3.2.). The double CO2 + TBAC semiclathrates also demonstrated a significantly in-
creased thermodynamic stability, as shown by their higher temperature at specified pressure or lower 
pressure at specified temperature when compared with the pure CO2 hydrate. At 3.0 MPa, the 
equilibrium temperature of the CO2 + TBAC semiclathrates with 3.3 mol% was higher by 12 K than 
the pure CO2 hydrate.  
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Table 3.2. Semiclathrate phase equilibrium data for the CO2 + TBAC + water systems. 
1.0 mol %  3.3 mol %  5.0 mol % 
T/K P/MPa  T/K P/MPa  T/K P/MPa 
286.9 0.72  290.3 0.80  288.7 0.84 
288.7 1.64  291.5 1.70  290.0 1.77 
289.8 2.56  292.3 2.55  290.8 2.66 
290.8 3.62  292.5 3.00  291.6 3.61 291.5 4.46  293.0 4.26  291.9 4.09 
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Figure 3.7. Three phase equilibria of the N2 + TBAC (1.0, 3.3, and 5.0 mol%) + water systems. 
 
The three-phase (H-Lw-V) equilibria of the N2 + TBAC (1.0, 3.3, and 5.0 mol%) + water 
systems that were measured using both the conventional isochoric method (pVT) and the HP μ-DSC 
method is depicted in (Figure 3.7.) and summarized in (Table 3.3.). The semiclathrate equilibrium 
point measured using the HP μ-DSC was located precisely in each three-phase equilibrium line of the 
corresponding N2 + TBAC semiclathrates, which were obtained using the conventional isochoric 
method (pVT).  
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Table 3.3. Semiclathrate phase equilibria data of the N2 + TBAC + water systems.a 
1.0 mol%  3.3 mol%  5.0 mol% 
pVT  DSC  pVT  DSC  pVT  DSC 
T/K p/MPa  T/K p/MPa  T/K p/MPa  T/K p/MPa  T/K p/MPa  T/K p/MPa 
284.3 1.92  285.6 3.08  288.7 1.69  288.9 3.08  287.3 1.68  287.9 3.08 
285.6 3.55     289.4 3.98     288.2 4.00    
286.3 5.01     290.0 6.60     288.8 6.38    
287.8 7.98     290.5 8.83     289.3 8.49    
289.3 11.36     291.2 11.83     289.7 11.05    a Standard uncertainties u are u (T) = 0.1 K and u (p) = 0.02 MPa. 
 
The equilibrium lines of the N2 + TBAC semiclathrate systems shifted significantly to the 
promoted regions, which are represented by the lowered pressure at any given temperature or elevated 
temperature at any given pressure, compared with the N2 gas hydrate. The higher TBAC concentra-
tions resulted in larger equilibrium line shifts of the N2 + TBAC semiclathrates. The thermodynamic 
stabilization of the N2 + TBAC semiclathrate was found to be the highest in the TBAC (3.3 mol%) 
solution, which corresponds to the stoichiometric concentration of TBAC·29.7H2O. However, the 
thermodynamic stability of the N2 + TBAC (5.0 mol%) semiclathrate was lower than that of the N2 + 
TBAC (3.3 mol%) semiclathrate. This was attributed to the excess amount of TBAC in the 5.0 mol% 
solution. As depicted in (Figure 3.2.)., in the 3.3 mol% solution, ice peaks were not detected during 
the dissociation of the N2 + TBAC semiclathrate because all ions of TBA+ and Cl-, as well as water 
molecules were involved in the semiclathrate formation. However, in the 5.0 mol% solution, the 
TBAC molecules that existed in the excess of the stoichiometric concentration (3.3 mol%) could func-
tion as thermodynamic inhibitors that disrupt the hydrogen bonding between the host water molecules, 
because they were not enclathrated in the semiclathrate structure as either guests or hosts after being 
ionized into TBA+ or Cl-. The experimental results covering the stability condition and dissociation 
enthalpy measurements indicate that TBAC semiclathrates are expected to be a good candidate mate-
rial for effective gas storage and CO2 capture at mild conditions.   
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Shimada et al. [34] demonstrated that in TBAB semiclathrates, TBA+ is located in the center 
of large cages with partially broken bonds while small dodecahedral (512) cages are left vacant. Lee et 
al. [18, 35] confirmed using 13C NMR that CH4 molecules are enclathrated in the small 512 cages of 
TBAB and TBAF semiclathrates. However, the enclathration of CH4 molecules in the TBAC semi-
clathrate has not been analyzed yet. In this study, 13C NMR spectroscopy, which has been recognized 
as a powerful tool for the structural identification and quantitative determination of gas hydrates or 
semiclathrates [36], was used for confirming the inclusion of CH4 molecules in TBAC semiclathrates.  
The 13C NMR spectra of a pure CH4 hydrate, pure TBAC semiclathrate, and double CH4 + 
TBAC semiclathrate are shown in (Figure 3.8.). The 13C NMR spectrum of the pure CH4 hydrate, 
which is known to form sI hydrate, has two resonance peaks at -4.3 and -6.6 ppm, which indicate the 
enclathration of CH4 molecules in the small 512 cages and the large 51262 cages, respectively. The pure 
TBAC semiclathrate demonstrated four peaks at 59.3, 24.7, 20.2, and 14.1 ppm, which correspond to 
the four carbons of the n-butyl group of TBA+ captured in the center of the large cages. In contrast, 
the double CH4 + TBAC semiclathrate showed an additional peak at -4.0 ppm, as well as four peaks 
at 59.3, 24.7, 20.2, and 14.1 ppm. The peak observed at -4.0 ppm can be reasonably assigned to CH4 
molecules captured in the 512 cages of the double TBAC semiclathrate, even though there is a very 
slight discrepancy in the peak position between the double CH4 + TBAC semiclathrate and the pure 
CH4 hydrate. As observed in the double CH4 + TBAF semiclathrate [35], the slight downfield shift of 
the NMR peak for the CH4 molecules captured in the double CH4 + TBAC semiclathrate is the result 
of deshielding caused by the presence of electronegative chloride (Cl). 
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Figure 3.8. 13C NMR spectra of the pure CH4 hydrates, pure TBAC semiclathrate, and double CH4 + 
TBAC semiclathrates. 
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(Figure 3.9.) shows the Raman spectra of the pure CO2 hydrate, pure TBAC semiclathrate, 
and double CO2 + TBAC semiclathrate. The Raman spectrum of the pure CO2 hydrate, which is 
known to form sI hydrate, had two Raman peaks at 1276 and 1380 cm−1. The double CO2 + TBAC 
semiclathrate had two Raman peaks at 1273 and 1380 cm−1, which can be assigned to the enclathrated 
CO2 molecules. The double CO2 + TBAC semiclathrate also exhibited many other peaks at a wide 
range of wavenumbers that can be assigned to an enclathrated TBA+ in the double TBAC semiclath-
rate. The slight shift in wavenumbers (1276 → 1273 cm-1) is attributable to the structural transition 
caused by semiclathrate formation. Even though the CO2 enclathration in the double TBAC semi-
clathrate was clearly confirmed via Raman spectroscopy, the detailed distribution of guest molecules 
cannot be provided because the Raman spectrum of the CO2 hydrate does not demonstrate peak split-
ting for guests in different cages.  
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Figure 3.9. Raman spectra of pure CO2 hydrate, pure TBAC hydrates, and double CO2 + TBAC hy-
drates. 
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The Raman spectra of the N2 hydrate, pure TBAC (3.3 mol%) semiclathrate, and N2 + 
TBAC (3.3 mol%) semiclathrate are presented in (Figure 3.10.). The N2 gas hydrate is known to be 
sII hydrate and it exhibits one Raman peak at 2324 cm−1. Even though the N2 molecules were enclath-
rated in both the small (512) and large (51262) cages of the sII N2 hydrate, only one Raman peak ap-
peared because the N2 molecules are so small in molecular size that the symmetric N-N vibrations of 
the N2 molecules are not distinguishable in the small and large cages of the sII hydrates [37, 38]. The 
N2 + TBAC (3.3 mol%) semiclathrate also exhibited one Raman peak at 2324 cm-1 for the N2 mole-
cules enclathrated in the small (512) cages of the semiclathrate, while the pure TBAC semiclathrate did 
not exhibit Raman peaks around 2324 cm-1. Despite the absence of peak splitting of N2 molecules 
enclathrated in different cages, it was clearly confirmed from the Raman spectra that the N2 molecules 
are encaged in the TBAC semiclathrate. 
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Figure 3.10. Raman spectra of the N2 hydrate, pure TBAC (3.3 mol%) semiclathrate, and N2 + 
TBAC (3.3 mol%) semiclathrate. The small Raman peak located next to 2324 cm-1 originated from 
the N2 vapor for cooling. 
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3.2.2. Phase equilibria of TiAAB semiclathrates and spectroscopic analysis 
Figure 3.11. Dissociation thermogram of pure TiAAB (3.7 mol%) semiclathrate in DSC under an at-
mospheric pressure condition.  
 
The phase equilibria and dissociation enthalpies of TiAAB semiclathrates were investigated 
at 3.7 mol%. The DSC thermograms obtained from the dissociation of pure TiAAB (3.7 mol%) semi-
clathrates under atmospheric pressure are presented in (Figure 3.11.). The TiAAB (3.7 mol%) semi-
clathrate exhibited only one endothermic peak without an ice melting peak during the semiclathrate 
dissociation, which indicates that all water molecules reacted with TiAAB molecules to form the Ti-
AAB semiclathrate (TiAAB·26.0H2O) at the stoichiometric concentration of 3.7 mol%, where the 
equilibrium temperature is 303.4 K. The measured dissociation enthalpy value was 214.0±5.5 KJ/mol 
semiclathrate.   
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TiAAB semiclathrate, for non-stoichiometric concentrations of semiclathrates, it is very dif-
ficult to determine the accurate equilibrium dissociation temperature from the endothermic heat flow 
curves obtained from the DSC dynamic method due to the appearance of a broad and progressive 
peak during heating. In order to overcome this inaccuracy of the equilibrium point determination in 
the dynamic method, the DSC stepwise method was used in this study. The temperature increment and 
isothermal duration at each step are 0.1 K and 3 h, respectively. The heat flow and temperature pro-
files during stepwise heating for TiAAB (3.7 mol%) semiclathrate under an atmospheric pressure 
condition are depicted in (Figure 3.12). The isothermal duration is long enough for the heat flow sig-
nal to return to the baseline. For each temperature step, a broad endothermic peak caused by TiAAB 
dissociation was observed until the semiclathrate dissociation was completely terminated. The point 
where the endothermic peaks due to the semiclathrate dissociation disappeared and the calorimetric 
signal change only due to the temperature increment appeared was determined to be the equilibrium 
dissociation temperature. The dissociation equilibrium temperatures of pure TiAAB semiclathrates 
were measured and found to be 303.15, 303.45, and 303.25 K at 1.0, 3.7, and 5.0 mol% of TiAAB 
solutions, respectively, under atmospheric pressure conditions.  
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Figure 3.12. Heat flow and temperature profiles during stepwise heating for the TiAAB (3.7 mol%) 
semiclathrate under atmospheric pressure. 
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Figure 3.13. Three-phase equilibria of the CH4 + TiAAB (3.7 mol %) + water systems. 
 
The three-phase equilibria (H - LW - V) of the CH4 + TiAAB + water systems were meas-
ured at 3.7 mol% of TiAAB. The experimental results were tabulated in (Table 3.4.) and shown in 
(Figure 3.13.). The double CH4 + TiAAB semiclathrates showed a significantly enhanced thermody-
namic stability compared to pure CH4 hydrate. As can be seen in (Figure 3.13), at 3.0 MPa the 
equilibrium temperature of the CH4 + TiAAB semiclathrate formed from 3.7 mol% solution, which is 
also the stoichiometric concentration of the TiAAB·26H2O semiclathrate was higher by 38 K than the 
pure CH4 hydrate. 
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Table 3.4. Semiclathrate phase equilibrium data for the CH4 + TiAAB + water systems. 
 3.7 mol %  
 T/K P/MPa  
 
309.1 1.56 
 
 
311.8 3.29 
 
 
313.3 5.01 
 
 
314.2 7.01 
 
 314.7 8.49    
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Figure 3.14. Three-phase equilibria of the CO2 + TiAAB + water systems. 
 
The stability conditions of the double CO2 + TiAAB semiclathrates with concentration of 3.7 
mol% TiAAB are shown in (Figure 3.14.). The overall results are also summarized in (Table 3.5). The 
double CO2 + TiAAB semiclathrates also demonstrated a significantly increased thermodynamic sta-
bility, as shown by their higher temperature at specified pressure or lower pressure at specified tem-
perature when compared with the pure CO2 hydrate. At 3.0 MPa, the equilibrium temperature of the 
CO2 + TiAAB semiclathrates with 3.7 mol% was higher by 30 K than the pure CO2 hydrate.  
  
50 
 
Table 3.5. Semiclathrate phase equilibrium data for the CO2 + TiAAB + water systems. 
 3.7 mol %  
 T/K P/MPa  
 
308.4 1.84 
 
 
308.0 1.59 
 
 
307.3 1.07 
 
 
309.9 3.44 
 
 309.0 2.41  
 
306.1 0.59 
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Figure 3.15. Semiclathrate phase equilibria of the N2 + TiAAB + water systems. 
 
The three-phase (H-Lw-V) equilibria of the N2 + TiAAB (3.7 mol%) + water systems were 
depicted in (Figure 3.15.) and summarized in (Table 3.6.). The equilibrium lines of the N2 + TiAAB 
semiclathrate systems shifted significantly to the promoted regions, which are represented by the low-
ered pressure at any given temperature or elevated temperature at any given pressure, compared with 
the N2 gas hydrate.  
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Table 3.6. Semiclathrate phase equilibria data of the N2 + TiAAB + water systems. 
3.7 mol% 
T/K p/MPa 
305.2 1.52 
306.6 3.30 
307.7 4.71 
308.4 6.54 
309.4 8.45 
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The 13C NMR spectra of a pure CH4 hydrate, pure TiAAB semiclathrate, and double CH4 + 
TiAAB semiclathrate are shown in (Figure 3.16.). The 13C NMR spectrum of the pure CH4 hydrate, 
which is known to form sI hydrate, has two resonance peaks at -4.3 and -6.6 ppm, which indicate the 
enclathration of CH4 molecules in the small 512 cages and the large 51262 cages, respectively and the 
double CH4 + TiAAB semiclathrate showed an additional peak at -4.3 ppm. The peak observed at -4.3 
ppm can be reasonably assigned to CH4 molecules captured in the 512 cages of the double TiAAB 
semiclathrate.  
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Figure 3.16. 13C NMR spectra of the pure CH4 hydrates, pure TBAC semiclathrate, and double CH4 
+ TiAAB semiclathrates.  
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Figure 3.17. Raman spectra of pure CO2 hydrate, pure TiAAB hydrates, and double CO2 + TiAAB 
hydrates. 
 
(Figure 3.17.) shows the Raman spectra of the pure CO2 hydrate, pure TiAAB semiclathrate, 
and double CO2 + TiAAB semiclathrate. The Raman spectrum of the pure CO2 hydrate, which is 
known to form sI hydrate, had two Raman peaks at 1276 and 1380 cm−1. The double CO2 + TiAAB 
semiclathrate had two Raman peaks at 1273 and 1380 cm−1, which can be assigned to the enclathrated 
CO2 molecules. The double CO2 + TiAAB semiclathrate also exhibited many other peaks at a wide 
range of wavenumbers that can be assigned to an enclathrated TiAA+ in the double TiAAB semiclath-
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rate. The slight shift in wavenumbers (1276 → 1273 cm-1) is attributable to the structural transition 
caused by semiclathrate formation. Even though the CO2 enclathration in the double TiAAB semi-
clathrate was clearly confirmed via Raman spectroscopy, the detailed distribution of guest molecules 
cannot be provided because the Raman spectrum of the CO2 hydrate does not demonstrate peak split-
ting for guests in different cages.  
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Figure 3.18. Raman spectra of the N2 hydrate, pure TiAAB (3.7 mol%) semiclathrate, and N2 + Ti-
AAB (3.7 mol%) semiclathrate. The small Raman peak located next to 2324 cm-1 originated from the 
N2 vapor for cooling. 
 
The Raman spectra of the N2 hydrate, pure TiAAB (3.7 mol%) semiclathrate, and N2 + Ti-
AAB (3.7 mol%) semiclathrate are presented in (Figure 3.18.). The N2 gas hydrate is known to be sII 
hydrate and it exhibits one Raman peak at 2324 cm−1. Even though the N2 molecules were enclath-
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rated in both the small (512) and large (51262) cages of the sII N2 hydrate, only one Raman peak ap-
peared because the N2 molecules are so small in molecular size that the symmetric N-N vibrations of 
the N2 molecules are not distinguishable in the small and large cages of the sII hydrates [36, 37]. The 
N2 + TiAAB (3.7 mol%) semiclathrate also exhibited one Raman peak at 2324 cm-1 for the N2 mole-
cules enclathrated in the small (512) cages of the semiclathrate, while the pure TiAAB semiclathrate 
did not exhibit Raman peaks around 2324 cm-1. Despite the absence of peak splitting of N2 molecules 
enclathrated in different cages, it was clearly confirmed from the Raman spectra that the N2 molecules 
are encaged in the TiAAB semiclathrate.  
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3.3. Conclusions 
 
The three-phase equilibria of the double TBAC and TiAAB semiclathrates with either CH4, 
CO2, and N2 as a guest gas were measured to determine thermodynamic stability conditions. The 
double TBAC and TiAAB semiclathrates showed a significantly enhanced thermodynamic stability 
when compared with gas hydrate systems. The maximum stabilization was observed at a stoichio-
metric concentration (3.3 mol%) of the TBAC·29.7H2O semiclathrate and stoichiometric concentra-
tion (3.7 mol%) of the TiAAB·26.0H2O semiclathrate. In addition, a differential scanning calorimeter 
(DSC) was used to measure the dissociation enthalpy of the QAS semiclathrate. Furthermore, TBAB 
and TBAF dissociation enthalpies were measured using u-DSC. The enthalpy (ΔHd) is a very im-
portant thermophysical property of semiclathrates because it is closely related to the amount of heat 
required for semiclathrate formation or dissociation in the CO2 capture process. The cage-
dependent 13C NMR spectra identified CH4 molecules being captured in the 512 cages of the double 
TBAC and TiAAB semiclathrates. The Raman spectroscopic results also confirmed the enclathration 
of CO2 and N2 molecules in the double TBAC and TiAAB semiclathrates. The overall thermodynam-
ic and spectroscopic results provide a better understanding of the thermodynamic stability, phase be-
havior, guest distribution, and guest-host interaction in the double semiclathrates. Thus, these results 
can serve as fundamental key information for their actual applications to natural gas storage and CO2 
capture.  
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Chapter IV 
Post-combustion CO2 capture using QAS semiclathrates formation 
 
4.1. Introduction 
 
 
Figure 4.1. Technologies for reducing the CO2 emission. 
 
Carbon dioxide (CO2), mainly produced from the combustion of fossil fuels in power plants, 
is regarded as a primary greenhouse gas. Generally, three main technologies to reduce CO2 emission 
from large stationary sources exist: oxy-fuel combustion, post-combustion, and pre-combustion CO2 
capture (Figure 4.1.) [1]. Various methods for CO2 capture have been developed for each technology. 
One method that has attracted increasing attention is hydrate-based gas separation, which is based on 
selective partitioning of CO2 between hydrate and vapor phases [2, 3].  
Semiclathrates, which share many physical and chemical properties with gas hydrates, could 
be an attractive alternative to gas hydrates because in general, they can maintain their thermodynamic 
stability under atmospheric pressure conditions [4-9]. In gas hydrates, the guest molecules are not 
physically bonded to host water lattices, whereas in semiclathrates, guest molecules can both take part 
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in building the host water frameworks and occupy cages after breaking part of the cage structure. 
Quaternary ammonium salts (QASs) such as tetra-n-butylammonium bromide (TBAB), tetra-n-
butylammonium chloride (TBAC), and tetra-n-butylammonium fluoride (TBAF) form semiclathrates 
with water molecules under atmospheric pressure.  
Most studies on QAS semiclathrates have covered semiclathrate phase equilibria for a single 
guest gas primarily focusing on TBAB semiclathrates and semiclathrate formation kinetics for pre-
combustion CO2 capture [10-15]. However, preferential partitioning of guest gases, gas storage capac-
ity, and guest gas enclathration behavior in QAS semiclathrates for post-combustion CO2 capture 
have not been examined thoroughly. Furthermore, the influences of the three different types of semi-
clathrate formers on CO2 capture remain unclear. 
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Figure 4.2. The concept of clathrate-based CO2 capture. 
 
In this study, TBAC semiclathrate-based CO2 capture from a post-combustion flue gas mix-
ture was investigated with a primary focus on thermodynamic, kinetic, and spectroscopic aspects. The 
semiclathrate phase equilibria for the CO2 (20%) + N2 (80%) + TBAC (1.0, 3.3, and 5.0 mol%) + 
water mixtures were measured to determine stability conditions of TBAC semiclathrates. The gas up-
take in the TBAC semiclathrates and CO2 composition changes in the vapor phase, were measured 
according to reaction time in order to investigate selective partitioning of guest molecules, guest dis-
tribution, and cage filling characteristics. Furthermore, the guest molecules encaged in the semiclath-
rate lattices were analyzed via Raman spectroscopy.  
Then, semiclathrate-based CO2 capture from post-combustion flue gas was investigated in 
the presence of TBAB, TBAC, and TBAF. The thermodynamic stability of the CO2 (20%) + N2 (80%) 
+ QAS semiclathrates was examined with an isochoric method using a high pressure reactor as well as 
with dissociation enthalpy measurement using a high pressure micro-differential scanning calorimeter 
(HP µ-DSC). The gas uptake and CO2 concentration changes in the vapor phase during QAS semi-
clathrate formation were measured to examine the preferential occupation of CO2 in the semiclathrate 
phase. CO2 concentrations in the vapor and semiclathrate phases after the completion of semiclathrate 
formation were measured to elucidate the CO2 selectivity based on the types of QAS semiclathrate 
used. The enclathration of guest molecules in the semiclathrate lattices was confirmed with a micro-
Raman spectrometer and time-dependent in-situ Raman spectrometer.  
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4.2. Results and discussion 
 
4.2.1. Stability conditions of the QAS semiclathrates measurements 
 
Figure 4.3. Three-phase (H - LW -V) equilibria for the CO2 (20%) + N2 (80%) + TBAC (1.0, 3.3, and 
5.0 mol%) + water systems. 
 
(Figure 4.3.) shows three-phase (semiclathrate (H) - liquid water (Lw) - vapor (V)) equilibria 
for the CO2 (20%) + N2 (80%) + TBAC (1.0, 3.3, and 5.0 mol%) + water systems and the results are 
presented in (Table 4.1.). For the TBAC semiclathrates with CO2 (20%) + N2 (80%), the maximum 
stabilization was observed at 3.3 mol% TBAC solution, which corresponds to the stoichiometric con-
centration of TBAC•29.7H2O. The phase equilibrium data clearly demonstrate that when the flue gas 
Temperature (K)
270 275 280 285 290 295
P
re
ss
ur
e 
(M
P
a)
0
2
4
6
8
10
12
CO2 (20%) + N2 (80%), [16]
1.0 mol%, This work
3.3 mol%, This work
5.0 mol%, This work
66 
 
of CO2 (20%) + N2 (80%) is used as a feed gas for gas hydrate or semiclathrate formation, TBAC 
semiclathrate systems are significantly more stable than the gas hydrate system. As can be seen in 
(Figure 4.3.), the equilibrium temperature of semiclathrate formed from the 3.3 mol % TBAC solution 
was higher by 15 K than that of gas hydrate at 7.0 MPa.  
 
 
 
Table 4.1. Semiclathrate phase equilibrium data for the CO2 (20%) + N2 (80%) + TBAC (1.0, 3.3, 
and 5.0 mol%) + water systems. 
1.0 mol% TBAC  3.3 mol% TBAC  5.0 mol% TBAC 
T/K P/MPa  T/K P/MPa  T/K P/MPa 
288.9 1.10  285.5 1.13  287.7 1.19 
290.1 2.83  286.5 2.83  288.6 2.97 
290.7 4.50  287.7 4.43  289.3 4.47 
291.2 6.04  288.5 5.78  289.8 5.87 
291.7 7.46  289.1 7.27  290.3 7.45 
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Figure 4.4. Thermograms of the CO2 (20%) + N2 (80%) + QAS semiclathrates at 3.1 MPa. 
 
Table 4.2. The onset temperatures and dissociation enthalpies of CO2 (20%) + N2 (80%) + QAS 
semiclathrate at 3.1 MPa.  
 T/K 
Enthalpy (J/g water) 
TBAB 286.9 ± 0.3 342.5 ± 0.8 
TBAC 290.3 ± 0.0 344.1 ± 2.0 
TBAF 301.2 ± 0.2 350.8 ± 0.9 
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Semiclathrates of TBAB, TBAC, and TBAF are most stable at 3.7, 3.3, and 3.4 mol% solu-
tions, which correspond to stoichiometric concentrations of TBAB·26.0H2O, TBAC·29.7H2O, and 
TBAF·28.6H2O, respectively [5-7, 9, 22]. (Figure 4.4.) shows DSC thermograms obtained from melt-
ing the CO2 (20%) + N2 (80%) + QAS (3.7 mol% TBAB, 3.3 mol% TBAC, and 3.4 mol% TBAF) 
semiclathrates at 3.1 MPa. As shown in (Figure 3.2.), for each semiclathrate, only one endothermic 
peak originating from the QAS semiclathrate dissociation was observed without an ice melting peak 
because all the QAS and water molecules are expected to be consumed in the semiclathrate formation 
at each stoichiometric concentration, which indicates the complete conversion of the QAS solutions to 
semiclathrates. (Figure 4.4.) also can offer the information on both the dissociation enthalpies (ΔHd) 
of each semiclathrate by integrating an endothermic heat flow curve and the onset temperatures by 
intersecting a baseline and a tangent line at an inflection point. The overall experimental data for the 
onset temperature and dissociation enthalpies of each semiclathrate at 3.1 MPa are provided in (Table 
4.2.). The dissociation enthalpy of the CO2 (20%) + N2 (80%) + TBAB (3.7 mol%) hydrate was in 
good agreement with a value reported in the literature [23].   
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Figure 4.5. Semiclathrate phase equilibria of the CO2 (20%) + N2 (80%) + QAS + water systems. 
 
 
 (Figure 4.5.) presents three-phase (semiclathrate (H) - liquid water (Lw) - vapor (V)) equi-
libria for the CO2 (20%) + N2 (80%) + QAS (TBAB 3.7 mol%, TBAC 3.3 mol%, and TBAF 3.4 
mol%) + water systems, and the overall experimental data are summarized in (Table 4.3.). In addition, 
the experimental results obtained from the HP μ-DSC method at 3.1 MPa are also depicted together in 
(Figure 4.5.). The equilibrium P-T data obtained from the HP μ-DSC were exactly located in the cor-
responding three-phase equilibrium lines of each semiclathrate which were obtained by the conven-
tional PVT method. The semiclathrate phase equilibrium results indicate that QAS semiclathrates with 
CO2 (20%) + N2 (80%) can offer a significant thermodynamic promotion which represents a pressure 
reduction at any given temperature or a temperature increase at any given pressure when compared 
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with gas hydrates with CO2 (20%) + N2 (80%). In particular, as seen in (Figure 4.5.), TBAF semi-
clathrate has a higher thermodynamic stability than that of the TBAB and TBAC semiclathrates, and it 
is stable at temperatures higher than 300 K for all experimental pressure regions from 1.0 to 7.5 MPa. 
However, gas hydrate with CO2 (20%) + N2 (80%) requires equilibrium pressures as high as 7.0 MPa 
even at 273.0 K [16]. For this reason, hydrate-based CO2 capture from a flue gas mixture is difficult 
to directly apply in the actual process because of its requirement for high pressure and low tempera-
ture to form gas hydrates. 
 
Table 4.3. Semiclathrate phase equilibrium data of the CO2 (20%) + N2 (80%) + QAS + water 
systems. 
TBAB 3.7 mol%  TBAC 3.3 mol%  TBAF 3.4 mol% 
T/K P/MPa  T/K P/MPa  T/K P/MPa 
286.4 1.08  288.9 1.09  300.2 1.04 
287.4 2.77  290.1 2.83  301.2 2.86 
288.5 4.51  290.7 4.50  301.6 4.52 
289.3 5.77  291.2 6.04  302.0 6.16 
289.9 7.29  291.7 7.48  302.2 7.53 
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4.2.2. Gas uptake and composition measurements of QAS semiclathrates 
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Figure 4.6. Gas uptakes of the CO2 (20%) + N2 (80%) + TBAC + water systems at 3.0 MPa and ΔT 
= 5.0 K. 
 
In the present study, gas uptake and gas composition changes during semiclathrate formation 
were measured to investigate selective partitioning of CO2 in the vapor and semiclathrate phases. For 
these experiments, the driving force, which is defined as the temperature difference (ΔT) between the 
equilibrium and experimental temperatures, was set to be 5.0 K at 3.0 MPa for semiclathrate for-
mation. 
(Figure 4.6.) shows gas uptake curves for the CO2 (20%) + N2 (80%) gas mixture during 
semiclathrate formation in the presence of 1.0 and 3.3 mol % TBAC solutions at 3.0 MPa and ΔT = 
5.0 K. The gas consumption was monitored from the beginning of agitation and the effective reaction 
time was recorded just after the nucleation of semiclathrate crystals. The accumulated amount of gas 
consumed during the semiclathrate formation reaction corresponds to the total amount of gas captured 
in the cages of TBAC semiclathrate. The 3.3 mol% TBAC solution exhibited a much larger gas con-
sumption during the semiclathrate formation than the 1.0 mol % TBAC solution.   
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Figure 4.7. CO2 composition change in the vapor phase during TBAC semiclathrate formation at 3.0 
MPa and ΔT = 5.0 K. 
 
The composition change in the vapor phase at 3.0 MPa and ΔT = 5.0 K during TBAC semi-
clathrate formation is shown in (Figure 4.7.) Due to the selective enclathration of CO2 in the TBAC 
semiclathrate lattices, the CO2 concentration in the vapor phase gradually decreased as semiclathrate 
formation proceeded. For the 3.3 mol% TBAC solution, the CO2 concentration in the vapor phase 
decreased from 20% to 13%, whereas for the 1.0 mol% TBAC solution, the CO2 concentration was 
reduced from 20% to 16%. The gas uptake and the composition change during the formation reaction 
are closely related to the conversion of the TBAC solution to the semiclathrate crystals. In the case of 
the 3.3 mol% TBAC solution, all of the TBA+ and Cl- ions are expected to be used for semiclathrate 
formation because 3.3 mol% TBAC solution is an equivalent concentration to TBAC·29.7H2O semi-
clathrate. Cl- ions, together with water molecules, take part in building the polyhedral host framework 
of the cages where TBA+ ions are incorporated as guests. However, in the 1.0 mol% TBAC solution, 
smaller amounts of TBA+ and Cl- are available for semiclathrate formation. There must also be an 
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excess water phase, which is not involved in the semiclathrate formation, resulting in less conversion 
of water to semiclathrate. As can be seen in (Figures 4.6 and 4.7.), both gas uptake and CO2 concen-
tration in the vapor phase were rapidly changed in the initial semiclathrate growth period, then slowly 
stabilized, and almost unchanged after 1 h for each condition, indicating that the semiclathrate for-
mation was completed within 1 h.  
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Figure 4.8. CO2 concentrations in the vapor and semiclathrate phases at 3.0 MPa and ΔT = 5.0 (gas 
hydrate at 275.15 K and ΔP = 2.0 MPa). 
 
(Figure 4.8.) shows the final CO2 concentrations in the vapor and semiclathrate phases for 
the 1.0 and 3.3 mol% TBAC solutions. For comparison, the result for gas hydrate formed at 275.15 K 
and ΔP = 2.0 MPa was included in (Figure 4.8.). After confirming the completion of the TBAC semi-
clathrate formation reaction, the CO2 concentration in the vapor phase was measured, and then the 
concentration of recovered CO2 from the semiclathrate phase was analyzed. The result clearly indi-
cates that CO2 is selectively enriched in the semiclathrate lattices. In TBAC semiclathrates, the large 
cages with partially broken bonds were occupied by TBA+ ion, while small cages were left vacant and 
therefore available for capturing CO2 molecules. However, it should be noted that the TBAC concen-
tration does not affect the CO2 composition in the semiclathrate phase even if it does affect the gas 
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uptake and composition change behavior in the vapor phase. As can be seen in (Figure 4.8.), the CO2 
enrichment in the semiclathrate lattices was almost the same as that in the gas hydrate. However, CO2 
capture using TBAC semiclathrates can occur at significantly lower pressure at a specified tempera-
ture or higher temperature at a specified pressure. Based on (Figure 4.8.), it can be reasonably ex-
pected that one step of semiclathrate formation enriches 20% CO2 in the flue gas to approximately 60% 
CO2 in the semiclathrate lattices.  
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Figure 4.9. Three-phase (H - LW -V) equilibria of the CO2 + N2 + TBAC (3.3 mol%) + water systems.  
 
(Figure 4.9.) shows three-phase semiclathrate equilibria of the CO2 + N2 + TBAC (3.3 mol%) 
+ water mixtures with various CO2 compositions (0, 20, 40, 60, 80, and 100%) and the data as a 
whole are shown in (Table 4.4.). The entire equilibrium curves of TBAC semiclathrates with CO2 + 
N2 were remarkably shifted to the promoted regions represented by lower pressure and higher tem-
perature conditions. The phase behavior shown in (Figure 4.9.) indicates that for semiclathrate for-
mation from CO2 + N2 gas mixtures, the 3.3 mol% TBAC solution requires significantly lowered 
pressures even at temperature ranges higher than 288 K. The huge equilibrium difference between the 
TBAC + CO2 and TBAC + N2 semiclathrates implies that CO2 will be selectively captured in the 
semiclathrate phase when the semiclathrate-based gas separation process is adopted.  
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Table 4.4. Semiclathrate phase equilibrium data for the CO2 + N2 + TBAC (3.3 mol%) + water sys-
tems. 
CO2 (40%) + N2 (60%)  CO2 (60%) + N2 (40%)  CO2 (80%) + N2 (20%) 
T/K P/MPa  T/K P/MPa  T/K P/MPa 
289.5 1.11  290.0 1.22  290.5 1.19 
290.7 2.77  291.3 2.87  291.2 1.77 
291.5 4.45  292.1 4.66  291.8 2.56 
292.0 5.71  292.6 5.82  292.2 3.35 
292.3 7.33  292.9 7.30  292.5 4.15 
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Figure 4.10. CO2 Compositions in the vapor phase and semiclathrate phases for the 3.3 mol% TBAC 
solution at 291.0 K and Δ P = 2.0 MPa.  
 
Based on the phase equilibrium data presented in (Figure 4.9.), the pressure-composition 
diagram, which can provide the CO2 compositions in the semiclathrate phase corresponding to a 
given vapor phase composition, is depicted in (Figure 4.10.). The driving force, which is defined here 
as the pressure difference (ΔP) between the equilibrium and experimental pressure, was set to be 2.0 
MPa for semiclathrate formation at 291.0 K. The concentration of retrieved CO2 from the semiclath-
rate phase was measured after completing the semiclathrate formation with the 3.3 mol% TBAC solu-
tion. 
Because consistent experimental conditions of 291.0 K and ΔP = 2.0 MPa were applied for 
all the CO2 concentrations in order to draw the complete pressure-composition diagram in (Figure 
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4.10.), relatively high pressures seem to be required at the lower CO2 concentration range. However, 
it should be noted that as shown in (Figure 4.9.), the 3.3 mol% TBAC solution can form semiclath-
rates with CO2 + N2 at a significantly lowered pressure range for the temperature range of 288 - 294 
K. In this study, 291.0 K was selected as a reference temperature for the pressure-composition dia-
gram because at 291.0 K, the driving force of 2.0 MPa can be applied for all the equilibrium curves 
obtained. 
In (Figures. 4.8. and 4.10.), when a feed gas of 20% CO2 and 80% N2 is introduced into the 
semiclathrate formation reactor, the corresponding CO2 concentration in the semiclathrate phase will 
be approximately 60%. Then, the semiclathrate formed from the retrieved 60% CO2 is expected to 
contain more than 90% CO2. The experimental results indicate that only two consecutive steps of 
semiclathrate formation and dissociation can enrich 20% CO2 in flue gas to approximately 90% CO2 
at 291.0 K. The enclathrated CO2 gas can be easily recovered by either increasing the temperature or 
decreasing the pressure. 
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Changes in the gas uptake and CO2 composition during QAS semiclathrate formation were 
measured to examine the gas storage capacity and the preferential partitioning of CO2 in the semi-
clathrate phase for each QAS semiclathrate. For these experiments, the equilibrium cell was charged 
with 110 cm3 of QAS solutions with stoichiometric concentrations of each semiclathrate, and the driv-
ing force (ΔT), which is defined as the temperature difference between the equilibrium and experi-
mental temperatures, was set as 5.0 K at 3.0 MPa. 
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Figure 4.11. CO2 concentrations in the vapor and semiclathrate phases at ΔT = 5.0 and 3.0 MPa (for 
gas hydrate at 275.15 K and ΔP = 2.0 MPa). 
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The final CO2 compositions in the vapor and semiclathrate phases for the TBAB, TBAC, and 
TBAF semiclathrates are shown in (Figure 4.11.) and were compared with that of the gas hydrate. 
After the completion of each QAS semiclathrate formation with CO2 (20%) + N2 (80%), the final 
CO2 concentration in the vapor phase was first measured, and then, the CO2 composition of the re-
trieved gas from the semiclathrate phase was measured. The initial 20% CO2 from the flue gas mix-
ture was enriched to approximately 60% CO2 through the semiclathrate formation. The results defi-
nitely indicate that CO2 is selectively enclathrated in the semiclathrate phases. In the structure of the 
QAS semiclathrates, the large cages are partially broken and occupied by TBA cations, while the 
small cages are left vacant, which are available for capturing gas molecules of CO2 + N2 [4, 24]. Ko-
matsu et al. [25] indicated that for a fuel gas mixture of CO2 + H2, CO2 selectivity in the small cages 
of QAS semiclathrates could be affected by both the size of the anions in the host frameworks and by 
the number of distorted small cages in the QAS semiclathrates. However, for a flue gas mixture of 
CO2 + N2, CO2 selectivity in the semiclathrate phase was not dependent on the types of QAS used, 
and furthermore, it was almost the same as that in the gas hydrate phase. However, it should be noted 
that the QAS semiclathrates can capture CO2 at significantly higher temperature and lower pressure 
than gas hydrate. 
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Figure 4.12. Gas uptake curves for the CO2 (20%) + N2 (80%) during QAS semiclathrate formation 
at ΔT =5.0 K and 3.0 MPa. 
 
 
 
Table 4.5. Experimental conditions and results of gas uptake measurements for the CO2 (20%) + N2 
(80%) + QAS + water systems. 
QAS  Exp. No. 
 Conc. 
(mol%)  T/K 
 P/MPa  Gas uptake  (mol/mol) 
TBAB 
 1  3.7  281.6  3.00  0.00445 
 2  3.7  281.6  2.99  0.00475 
TBAC 
 3  3.3  284.8  3.01  0.00685 
 4  3.3  284.7  3.04  0.00719 
 5  3.3  284.7  2.99  0.00730 
TBAF 
 6  3.4  284.7  3.04  0.00282 
 7  3.4  284.7  2.99  0.00292 
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The gas uptake result for the CO2 (20%) + N2 (80%) + QAS semiclathrate formation is 
shown in (Figure 4.12.), and the experimental conditions and results for the gas uptake measurements 
are presented in (Table 4.5.). The accumulated amount of gas consumed during semiclathrate for-
mation is expected to be equivalent to the total amount of gas captured in the vacant cages of the QAS 
semiclathrates. The gas uptakes for each semiclathrate were expressed as the ratio of moles of con-
sumed gas to moles of initially charged water, and are closely related to the number of vacant cages 
available for capturing CO2 and N2 gas molecules. The experimental results clearly show that the 
TBAC (3.3 mol%) semiclathrate had the largest gas uptake, whereas the TBAF (3.4 mol%) semiclath-
rate had extremely small gas consumption during semiclathrate formation. 
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Figure 4.13. Changes in CO2 composition in the vapor phase at ΔT =5.0 K and 3.0 MPa. 
 
(Figure 4.13.) shows the changes in the CO2 composition in the vapor phase during semi-
clathrate formation. The CO2 concentrations in the vapor phase continued to decline during semiclath-
rate formation because CO2 is more selectively captured in the semiclathrate phase than N2. The CO2 
concentration rapidly dropped just after nucleation, gradually stabilized, and finally became almost 
constant after 1 h. Even though the change in CO2 concentration in the vapor phase is a function of 
the gas uptake and CO2 selectivity in the semiclathrate phase, in this study, it is strongly affected only 
by the gas uptake because CO2 selectivity is almost the same for the TBAB, TBAC, and TBAF semi-
clathrates shown in (Figure 4.11.). Therefore, the TBAC (3.3 mol%) semiclathrate had a drastic drop 
in the CO2 concentration in the vapor phase, whereas the TBAB (3.7 mol%) and TABF (3.4 mol%) 
semiclathrates had a slight change in the CO2 concentration: For the TBAC (3.3 mol%) semiclathrate, 
the CO2 concentration in the vapor phase was reduced from 20% to 13%, for the TBAB (3.7 mol%) 
semiclathrate from 20% to 16%, and for the TBAF (3.4 mol%) semiclathrate from 20% to 18%. 
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The gas uptakes and gas storage capacity of the guest molecules are closely related to the 
structure details of the QAS semiclathrates. Both TBAB (3.7 mol%) (TBAB·26.0H2O) and TBAC 
(3.3 mol%) (TBAC·29.7H2O) semiclathrates have tetragonal structure-I (TS-I), whereas TBAF (3.4 
mol%) (TBAF·28.6H2O) semiclathrate forms a cubic structure (SCS-I) [1, 5-7, 22, 24, 25]. For the 
TBAF (3.4 mol%) semiclathrate, 79.5% of the small cages are partially filled with water molecules 
[7], which indicates that the TBAF semiclathrate possesses fewer numbers of vacant small cages that 
are available for capturing CO2 and N2 gas molecules compared with the TBAB and TBAC semi-
clathrates. Furthermore, the TBAB (3.7 mol%) semiclathrate has a higher extent of filing of the small 
cages with TBA cations than that of the TBAC (3.3 mol%) semiclathrate [6, 24, 25], which results in a 
lower gas storage capacity for the TBAB (3.7 mol%) semiclathrate compared to the TBAC (3.3 mol%) 
semiclathrate. For these reasons, the TBAC (3.3 mol%) semiclathrate has a larger number of small 
cages that can be effectively used for capturing CO2 and N2 molecules, and therefore, demonstrates a 
larger gas uptake and steeper changes in the CO2 concentration than the TBAB and TBAF semiclath-
rates as shown in (Figures 4.12 and 4.13.). 
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4.2.3. Raman spectroscopic analysis 
 
(Figure 4.14.) shows the Raman spectra of CO2 (20%) + N2 (80%) hydrate, TBAC (3.3 
mol%) semiclathrate, CO2 (20%) + N2 (80%) + TBAC (3.3 mol%) semiclathrate, TBAC (1.0 mol%) 
semiclathrate, and CO2 (20%) + N2 (80%) + TBAC (1.0 mol%) semiclathrate. The CO2 (20 %) + N2 
(80%) gas hydrate is known to form sI hydrate [16] and exhibits two peaks for enclathrated CO2 mol-
ecules at 1276 and 1380 cm−1 and one peak for enclathrated N2 molecules at 2324 cm−1 [16-19]. CO2 
molecules captured in TBAC semiclathrate lattices were observed at 1273 cm−1 and 1380 cm−1 and N2 
molecules at 2324 cm−1. A wavenumber shift (1276 cm−1 → 1273 cm−1) for CO2 molecules can be 
attributed to a slight difference in the size and environment of small 512 cages, where CO2 molecules 
are expected to be captured, in both sI gas hydrate and TBAC semiclathrates, even though the small 
512 cages are common for both cases. N2 gas molecules enclathrated in both gas hydrate and semi-
clathrates, exhibit only one peak at 2324 cm−1 because N2 molecules are so small that the symmetric 
N-N vibration of N2 molecules captured in small and large cages of gas hydrates are not distinguisha-
ble [19]. Even though Raman spectroscopy cannot provide detailed information on CO2 distribution 
in the cages of gas hydrates or semiclathrates due to the impossibility of peak splittings for CO2 mol-
ecules enclathrated in different cages [20, 21], (Figure 4.14.) clearly demonstrates that both CO2 and 
N2 molecules are captured in the lattices of TBAC semiclathrates and that there is no structural transi-
tion due to the enclathration of guest gases in the lattices of TBAC semiclathrates.  
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Figure 4.14. Raman spectra of CO2 (20%) + N2 (80%) hydrate, TBAC (1.0 mol%) semiclathrate, 
CO2 (20%) + N2 (80%) + TBAC (1.0 mol%) semiclathrate, TBAC (3.3 mol%) semiclathrate, and 
CO2 (20%) + N2 (80%) + TBAC (3.3 mol%) semiclathrate.  
 
To the best of our knowledge, this is the first research into TBAC semiclathrate-based post-
combustion CO2 capture targeting the flue gas mixture of CO2 (20%) + N2 (80%) from fossil fuel-
fired power plants. The TBAC semiclathrate-based process has many technological advantages over 
the gas hydrate-based process, mainly because TBAC, with almost no volatility or toxicity, forms 
semiclathrates with water at significantly stabilized pressure and temperature conditions. Based on the 
experimental results obtained in this study, it can be reasonably expected that the TBAC semiclath-
rates have potential for actual application in CO2 capture from flue gas mixture due to their high se-
lectivity for CO2 and enhanced thermodynamic stability. 
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Figure 4.15. Raman spectra of the CO2 + N2 hydrate, CO2 + N2 + TBAB semiclathrate, CO2 + N2 + 
TBAC semiclathrate, and CO2 + N2 + TBAF semiclathrate. The Raman peak located next to 2324 cm-
1 originated from the N2 vapor used for cooling. 
 
(Figure 4.15.) shows the Raman spectra of the CO2 (20%) + N2 (80%) hydrate, CO2 (20%) + 
N2 (80%) + TBAB (3.7 mol%) semiclathrate, CO2 (20%) + N2 (80%) + TBAC (3.3 mol%) semiclath-
rate, and CO2 (20%) + N2 (80%) + TBAF (3.4 mol%) semiclathrate. The CO2 (20%) + N2 (80%) gas 
hydrate, known to form sI hydrate, shows three Raman peaks. Two peaks for the CO2 molecules were 
observed at 1276 cm-1 and 1380 cm-1, and one peak for the N2 molecules was observed at 2324 cm−1. 
However, the Raman spectra of the CO2 + N2 + QAS semiclathrates exhibited two Raman peaks for 
CO2 molecules at 1273 cm-1 and 1380 cm-1 and one Raman peak for the N2 molecules at 2324 cm-1, 
whereas they had many Raman peaks for the TBA cations enclathrated in the semiclathrate lattices. 
Even though both CO2 and N2 molecules can be enclathrated in both the small 512 cages and large 
51262 cages of sI hydrate, the Raman spectra of the CO2 + N2 hydrate cannot offer detailed infor-
mation about cage occupancy and guest distribution in the hydrate lattices. The Raman spectrum of 
the CO2 molecules enclathrated in the sI hydrate provides no peak splittings and accordingly, no one-
to-one correspondence between the cages and Raman peaks. Furthermore, N2 molecules captured in 
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both small and large cages of the sI hydrate have only one Raman peak at 2324 cm−1 because N2 mol-
ecules are so small that the symmetric N-N vibration of the N2 molecules are not distinguishable in 
different cages of gas hydrates. However, a wavenumber shift (1276 cm−1 to 1273 cm−1) for the en-
clathrated CO2 molecules was observed, and this can be attributed to a slight difference in the size and 
environment of the small 512 cages, which are common for both sI gas hydrate and QAS semiclath-
rates.  
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Figure 4.16. Time-dependent in-situ Raman spectra during the conversion of TBAC solution to pure 
TBAC semiclathrate under atmospheric pressure condition. 
 
(Figure 4.16.) shows the time-dependent in-situ Raman spectra during the conversion of 
TBAC solution to pure TBAC semiclathrate under atmospheric pressure condition. The Raman peak 
intensity of the TBAC solution was abruptly decreased as the pure TBAC semiclathrate formation 
proceeded. The change in the Raman peak intensity can be used to detect TABC semiclathrate for-
mation. (Figure 4.17.) shows the time-dependent in-situ Raman spectra during the conversion of 
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TBAC solution to the CO2 (20%) + N2 (80%) + TBAC (3.3 mol%) semiclathrate at 3.0 MPa and ΔT 
of 5.0 K. The Raman peak intensity was abruptly decreased with the formation of the TBAC semi-
clathrate and then, continuously increased with the enclathration of CO2 and N2 into the cages of the 
TBAC semiclathrate. CO2 molecules captured in the small cages of the TBAC semiclathrate were 
also observed at 1273 cm-1 and 1380 cm-1, and N2 molecules were observed at 2324 cm-1, which is in 
good agreement with the micro-Raman results shown in (Figure 4.15.). 
 
Figure 4.17. Time-dependent in-situ Raman spectra during the conversion of TBAC solution to CO2 
(20%) + N2 (80%) + TBAC semiclathrate at 3.0 MPa and ΔT = 5.0 K. 
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(Figure 4.18.) shows the Raman spectra of the TBAC (3.3 mol%) solution, TBAC (3.3 mol%) 
semiclathrate, and CO2 (20%) + N2 (80%) + TBAC semiclathrate, which were measured with an in-
situ Raman spectrometer. The Raman spectra of the TBAC semiclathrate and CO2 + N2 + TBAC sem-
iclathrate were obtained after the completion of semiclathrate formation in the experiments shown in 
(Figures. 4.15 and 4.16.). The Raman spectrum of the TBAC solution was clearly distinguishable 
from those of both the TBAC semiclathrate and CO2 + N2 + TBAC semiclathrate due to its different 
peak patterns and peak positions. However, the Raman spectrum of the CO2 + N2 + TBAC semiclath-
rate is exactly the same as that of the TBAC semiclathrate except for the peaks that correspond to the 
enclathrated CO2 and N2 molecules, which indicates that the inclusion of CO2 and N2 molecules in 
the TBAC semiclathrate does not change the structure of the semiclathrate. Even though Raman spec-
troscopy cannot provide accurate information about the cage occupancy of gas molecules and guest 
distributions in the semiclathrate cages, (Figures. 4.15. and 4.17.) clearly demonstrate that CO2 and 
N2 gas molecules are captured in the small cages of TBAC semiclathrate without any structural transi-
tions. 
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Figure 4.18. Raman spectra of the TBAC (3.3 mol%) solution, TBAC (3.3 mol%) semiclathrate, and 
CO2 (20%) + N2 (80%) + TBAC (3.3 mol%) semiclathrate using an in-situ Raman spectrometer. 
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This study is the first to use thermodynamic and Raman spectroscopic analyses to investigate 
and compare the thermodynamic stability, gas uptakes, and CO2 capture performance of QAS semi-
clathrates formed from TBAB, TBAC, and TBAF targeting post-combustion CO2 capture from flue 
gas. QAS semiclathrate-based CO2 capture has many advantages over the gas hydrate-based process 
because QASs are non-volatile and non-toxic, and they can form semiclathrates at a significantly low-
er pressure and higher temperature conditions. Among the three QAS semiclathrates considered in this 
study, the TBAC semiclathrate is more thermodynamically stable than the TBAB semiclathrate and 
can store the largest amount of gas molecules in the small cages, even though the three QAS semi-
clathrates have almost the same CO2 selectivity in the semiclathrate phase. Therefore, it can be rea-
sonably expected that the TBAC semiclathrate is a good candidate material for post-combustion CO2 
capture from flue gas. 
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4.3. Conclusions 
 
The TBAC semiclathrate formation was investigated for its application in post-combustion 
CO2 capture from the flue gas mixture, primarily focusing on thermodynamic stability, gas uptake, 
and guest distributions. The CO2 (20%) + N2 (80%) + TBAC semiclathrate systems showed signifi-
cant thermodynamic stabilization when compared with the CO2 (20%) + N2 (80%) gas hydrate sys-
tem. The gas uptake and CO2 composition change in the vapor phase were closely related to the con-
version of TBAC solution to semiclathrate. A higher gas uptake and lower CO2 concentration in the 
vapor phase during the semiclathrate formation reaction were observed for the 3.3 mol% TBAC solu-
tion, which corresponds to TBAC·29.7H2O semiclathrate. The CO2 concentration in the semiclathrate 
phase after completion of semiclathrate formation was found to be approximately 60% for both 1.0 
and 3.3 mol% TBAC solutions. The pressure-composition diagram demonstrated that when a flue gas 
mixture with 20% CO2 is introduced, with two consecutive steps of TBAC semiclathrate formation 
dissociation, more than 90% CO2 can be enriched in the semiclathrate phase at 291.0 K. It was con-
firmed from the Raman spectra that both CO2 and N2 molecules are enclathrated in the cages of 
TBAC semiclathrates.  
QAS semiclathrates formed from TBAB, TBAC, and TBAF solutions were investigated for 
their application to post-combustion CO2 capture, primarily focusing on the thermodynamic stability, 
gas uptakes, and CO2 selectivity. The CO2 (20%) + N2 (80%) + QAS semiclathrate systems showed 
significantly stabilized equilibrium conditions when compared with the CO2 (20%) + N2 (80%) gas 
hydrate system. Even though the TBAF (3.4 mol%) semiclathrate had the most significant thermody-
namic stability among the QASs used in this study, the TBAC (3.3 mol%) semiclathrate had the high-
est gas uptake and the steepest changes in CO2 concentration in the vapor phase. However, CO2 selec-
tivity in the semiclathrate phase was not dependent on the type of QASs. For all the cases, the CO2 
concentration in the semiclathrate phase after the completion of semiclathrate formation was found to 
be approximately 60% at 3.0 MPa and ΔT of 5.0 K. It was confirmed from the Raman spectra that 
both CO2 and N2 molecules are enclathrated in the cages of the TBAC semiclathrates and that guest 
gas enclathration does not affect the semiclathrate structure. The experimental results obtained in this 
study provide fundamental information required to design and develop a QAS semiclathrate-based 
CO2 capture process from post-combustion flue gas.  
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Chapter V 
Post-combustion CO2 capture using THF, CP, and TBAC clathrates for-
mation 
 
5.1. Introduction 
 
Carbon dioxide (CO2) is suspected as a major source of global warming. Much effort has 
been conducted to cut CO2 emissions from the combustion of fossil fuels in power stations [1, 2]. One 
possible way to lowering the CO2 emissions in power plants is post-combustion CO2 capture before 
the exhausted flue gas is released to the atmosphere. These clathrate-based CO2 capture technologies 
are easier than others because this can be done without other facilities for mitigating global warming 
gas release. A novel effort to clathrate-based gas separation technology is interested as an alternative 
to the existing post-combustion gas separation technologies [3-15]. 
Gas hydrates are inclusion compounds formed by hydrogen bonding of water molecules at 
high pressure and low temperature conditions [16]. The host water molecules form frameworks of gas 
hydrates while the small guest molecules are trapped in empty cages. The suggested clathrate-based 
CO2 capture process consists of two process units of flue gas capture and release [17]. When CO2 
from flue gas is selectively captured in the clathrate phase, the clathrate slurry is transferred to the 
dissociation unit. Then, the clathrate is dissociated by either heating or pressure release. Released heat 
during clathrate formation can be recovered and reused in the dissociation unit. The dissociated solu-
tion can be recycled to the gas capture unit. This indicates that the clathrate-based CO2 capture is eco-
friendly through solution recycle and heat recovery between the clathrate formation and dissociation 
units [18]. 
However, this technology has the limitation of requiring high pressure and low temperatures 
for hydrate formation. To improve this disadvantage gas hydrate formation needs to be performed at a 
much milder pressure and temperature conditions. It has been found that the addition of sII hydrate 
and semiclathrate former may lower the pressure required [3-15, 19-21]. These former stabilize a 
clathrate structure at low pressure or high temperature conditions, although the gas storage capacity 
when compares the gas hydrate is lower by adding these promoters, since the clathrate former occu-
pied in the lattice cavities. In addition, the clathrate former are operated in the liquid phase, it means 
that the final gas product does not pollute since it will remain with the liquid phase when the clathrate 
are dissociated. 
In this study, clathrate-based CO2 capture from post-combustion flue gas was investigated in 
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the presence of THF, TBAC, and CP. The thermodynamic stability of the CO2 (20%) + N2 (80%) + 
clathrate was examined with an isochoric method using a high pressure reactor. The gas uptake and 
CO2 concentration changes in the vapor phase during clathrate formation were measured to analyze 
the preferential gas occupation in the clathrate phase. CO2 concentrations in the vapor and clathrate 
phases after the completion of clathrate formation were measured to provide the CO2 selectivity based 
on the types of hydrate former used. The enclathration of guest molecules in the clathrate lattices was 
confirmed with a micro-Raman spectrometer. 
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5.2. Results and discussion 
 
5.2.1. Stability conditions of clathrates 
 
T (K)
270 275 280 285 290 295 300
P 
(M
Pa
)
0
2
4
6
8
10
12
  pure CO2 (20%) + N2 (80%) [22]
TBAC (3.3 mol%)
CP (5.6 mol%)
THF (5.6 mol%)
THF (1.0 mol%)
TBAC (1.0 mol%) 
 
Figure 5.1. Clathrate phase equilibria of the CO2 (20%) + N2 (80%) + THF, TBAC, and CP + water 
systems. 
 
(Figure 5.1.) presents three-phase (clathrate (H) - liquid water (Lw) - vapor (V)) equilibria for 
the CO2 (20%) + N2 (80%) + THF (1.0 and 5.6 mol%), TBAC (1.0 and 3.3 mol%), and CP (5.6 mol%) 
+ water systems, and the overall experimental data are summarized in (Table 5.1.). In case of CP hy-
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drate, there are three components and four phases of hydrate formation; components (gas, water, and 
cyclopentane) and phase (vapor, water, liquid hydrocarbon, and hydrate). According to the degree of 
freedom, only one intensive variable is needed to define the CP hydrate system. Therefore, the phase 
equilibrium does not depend on the composition of the CP concentration at a given temperature on 
that system. In this study, the phase equilibria for the CP hydrate are conducted at only 5.6 mol% con-
ditions. Clathrate of THF, TBAC, and CP are most stable at 5.6, 3.3, and 5.6 mol% solutions, which 
correspond to stoichiometrics concentrations of THF·16.0H2O, TBAC·29.7H2O, and CP·16.0H2O, 
respectively. The phase equilibrium results indicate that clathrate formed from clathrate formers can 
offer a significant thermodynamic promotion which represents a pressure reduction at any given tem-
perature or a temperature increase at any given pressure when compared with gas hydrates. In particu-
lar, as seen in (Figure 5.1.), TBAC (3.3 mol%) semiclathrate has a higher thermodynamic stability 
than that of the THF and CP hydrates below 4.5 MPa, and it is stable at temperatures higher than 
288.0 K for all experimental pressure regions from 1.0 to 9.5 MPa. However, gas hydrate with CO2 
(20%) + N2 (80%) requires equilibrium pressures as high as 7.0 MPa even at 273.0 K. Since gas hy-
drate formation requires high pressure and low temperature, clathrate-based CO2 capture from a flue 
gas is difficult to apply in the actual process. However, in the presence of clathrate former, the gas 
hydrate equilibrium pressure can significantly decrease at a given temperature. 
 
Table 5.1. Three phase equilibrium data with CO2 (20%) + N2 (80%) gas mixture. 
THF  
(1.0 mol%)  
THF  
(5.6 mol%)  
TBAC  
(1.0 mol%)  
TBAC  
(3.3 mol%)  
CP  
(5.6 mol%) 
T/K P/MPa  T/K P/MPa  T/K P/MPa  T/K P/MPa  T/K P/MPa 
275.4 0.64  280.9 0.57  285.5 1.13  288.9 1.10  283.6 0.60 
281.1 2.10  286.3 2.05  286.5 2.83  290.1 2.83  285.6 1.28 
284.6 4.10  288.6 3.08  287.7 4.43  290.7 4.50  289.4 3.08 
286.6 5.99  291.8 6.08  288.5 5.78  291.2 6.04  291.5 4.67 
288.0 7.52  292.9 7.49  289.1 7.27  291.7 7.46  292.8 6.01 
289.2 9.57  294.3 9.51  289.9 9.53  292.6 9.46  294.2 7.72 
            295.6 9.89 
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5.2.2. Gas uptake and composition measurements of clathrates 
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Figure 5.2. CO2 concentrations in the vapor and clathrate phases at ΔT = 5.0 and 3.1 MPa (for the 
pure clathrate at 275.15 K and ΔP = 2.0 MPa) (a) for the 1.0 mol% solutions (b) for the solutions with 
stoichiometric concentrations of each clathrate structure. 
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Table 5.2. CO2 concentration data in the vapor and clathrate phases at ΔT = 5.0 and 3.1 MPa.  
  CO2 concentration 
 Concentration (mol %) Vapor Phase Clathrate Phase 
THF  1.0 16.0 ± 1.00 45.0 ± 0.29 
TBAC  1.0 17.0 ± 0.03 62.0 ± 1.25 
CP  1.0 17.5 ± 0.03 59.2 ± 2.25 
THF  5.6 13.4 ± 0.15 37.1 ± 1.58 
TBAC  3.3 16.5 ± 0.34 61.2 ± 3.80 
CP  5.6 13.4 ± 0.11 34.4 ± 0.98 
 
The gas uptake in clathrates and the CO2 composition changes during clathrate formation 
were measured to examine the gas storage capacity and CO2 selectivity in the clathrate phase. The 
final CO2 compositions in the vapor and clathrate phases for the CO2 (20%) + N2 (80%) clathrates 
with thermodynamic promoters were compared at ΔT = 5.0 and 3.1 MPa, and the result is depicted in 
(Figure 5.2.). After the completion of each clathrate formation with CO2 (20%) + N2 (80%), the final 
CO2 concentration in the vapor phase was first measured, followed by the CO2 composition of the 
retrieved gas from the clathrate phase when clathrate formation with CO2 (20%) + N2 (80%) was 
complete. For the 1.0 mol% solutions, the initial 20% CO2 from the simulated flue gas mixture was 
enriched to 45 ± 0.3% CO2 in the THF (1.0 mol%) clathrate phase, 49 ± 0.9% CO2 in the CP (1.0 
mol%) clathrate phase, and 62 ± 1.3% CO2 in the TBAC (1.0 mol%) semiclathrate phase. For the so-
lutions with stoichiometric concentrations of each structure, the initial 20% CO2 from the simulated 
flue gas mixture was enriched to 34 ± 1.6% CO2 in the THF (5.6 mol%) clathrate phase, 37 ± 1.0% 
CO2 in the CP (5.6 mol%) clathrate phase, and 61 ± 3.8% CO2 in the TBAC (3.3 mol%) semiclathrate 
phase.  
As shown in (Figure 5.2.), both the THF and CP solutions exhibited higher CO2 concentra-
tions in the clathrate phase at 1.0 mol% than at 5.6 mol%. For the 5.6 mol% THF or CP solutions, the 
THF or CP molecules occupy the large 51264 cages of the sII clathrates, whereas the CO2 and N2 mol-
ecules occupy the vacant small 512 cages. However, for the 1.0 mol% THF or CP solutions, some por-
tion of the large 51264 cages of sII clathrates remain vacant. Thus, the large cages are also available for 
capturing CO2 molecules, which have a strong preference for the large 51264 cages over the small 512 
cages, resulting in a relatively higher CO2 selectivity compared to the 5.6 mol% THF or CP solutions 
[32, 33, 48-50]. The TBAC solutions demonstrated the highest CO2 selectivity in the clathrate phase 
for both the 1.0 mol% and the stoichiometric (3.3 mol%) concentrations. Additionally, the CO2 selec-
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tivity was not significantly affected by the TBAC concentration, as reported in a previous paper [46]. 
The CO2 selectivity in the TBAC semiclathrate phase was comparable to that in the pure clathrate. At 
the stoichiometric concentration of each clathrate structure in the presence of thermodynamic promot-
ers, only small 512 cages are vacant and thus, available for capturing CO2 molecules. THF and CP 
clathrates have only regular 512 cages whereas TBAC semiclathrate has regular 512 cages as well as 
distorted 512 cages, which have higher cage occupancy of CO2 molecules [51, 52]. Therefore, TBAC 
semiclathrate showed relatively higher CO2 selectivity than THF and CP clathrates. 
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Figure 5.3. Gas uptake curves for the CO2 (20%) + N2 (80%) during clathrate formation at ΔT =5.0 K 
and 3.0 MPa. 
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Table 5.3. Experimental conditions and results of gas uptake measurements for the CO2 (20%) + N2 
(80%) + THF, TBAC, and CP + water systems. 
Addictive  Exp. No.  Conc. (mol%)  T/K  P/MPa  Gas uptake (mol/mol) 
THF 
 1  1.0  278.7  3.05  0.00579 
 2  1.0  278.6  3.05  0.00548 
 3  5.6  283.2  3.05  0.02770 
 4  5.6  283.1  3.03  0.03117 
TBAC 
 5  1.0  281.4  3.05  0.00168 
 6  1.0  281.7  3.03  0.00247 
 7  3.3  284.8  3.01  0.00790 
 8  3.3  284.7  3.04  0.00629 
CP 
 9  1.0  284.4  3.03  0.00562 
 10  1.0  284.5  3.03  0.00512 
 11  5.6  284.8  3.01  0.02575 
 12  5.6  284.5  3.04  0.02567 
 
 
The gas uptake result of the CO2 (20%) + N2 (80%) + THF, TBAC, and CP clathrate 
formation is shown in (Figure 5.3.), and the experimental conditions and results of the gas uptake 
measurements are presented in (Table 5.3.). The accumulated amount of gas consumed during clath-
rate formation is expected to be equivalent to the total amount of gas captured in the vacant cages of 
the clathrate. The gas uptakes for each clathrate were expressed as the ratio of moles of consumed gas 
to moles of initially charged water, and are closely related to the number of vacant cages available for 
capturing CO2 and N2 gas molecules. The experimental results clearly show that the THF (5.6 mol%) 
and CP (5.6 mol%) hydrate had the largest gas uptake, whereas the TBAC (3.3 mol%) semiclathrate 
had small gas consumption during clathrate formation.  
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Figure 5.4. Changes in CO2 composition in the vapor phase at ΔT =5.0 K and 3.1 MPa. 
 
(Figure 5.4.) shows the changes in the CO2 composition in the vapor phase during clathrate 
formation. The CO2 concentrations in the vapor phase continued to decline during clathrate formation, 
because CO2 is more selective captured in the clathrate phase than N2. The CO2 concentration rapidly 
dropped just after nucleation, gradually stabilized, and finally became almost constant after 1h, ex-
cepting CP hydrate formation. The decrease of CO2 concentrations during the CP hydrate is lagged 
becuase the CP is a water immiscible promotor. For this reason, it took longer time for the CP hydrate 
formation than THF hydrate and TBAC semiclathrate which are the water miscible promotor. The 
change of CO2 concentration in the vapor phase is strongly affected by the sort and concentration of 
promotor. The THF (5.6 mol%) hydrate, TBAC (3.3 mol%) semiclathrates, and CP (5.6 mol%) hy-
drates had a drastic drop in the CO2 concentration in the vapor phase, whereas the THF (1.0 mol%) 
hydrate, TBAC (1.0 mol%) semiclathrates, and CP (1.0 mol%) hydrates had a slight slow change in 
the CO2 concentration; for the THF (5.6 mol%) hydrate, the CO2 concentration in the vapor phase 
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was reduced from 20.0% to 13.5%, for the TBAC (3.3 mol%) semiclathrate from 20.0% to 16.0%, for 
the CP (5.6 mol%) hydrate from 20.0% to 13.5%, for the THF (1.0 mol%) hydrate from 20.0% to 
16.0%, for the TBAC (1.0 mol%) semiclathrate from 20.0% to 17.0%, and for the CP (1.0 mol%) hy-
drate from 20.0% to 17.5%. 
As shown in (Figures. 5.2., 5.3., and 5.4.), the gas uptake of THF (5.6 mol%) and CP (5.6 
mol%) hydrate is noticeably higher than TBAC (3.3 mol%) semiclathrate. However, CO2 selectivity 
is much higher in TBAC semiclathrate dissociation. In addition, TBAC concentration are not affect 
CO2 composition in the semiclathrate phase even the gas uptake and composition change behavior are 
affected in the vapor phase. Adding THF and CP to the CO2 (20%) + N2 (80%) + water system can 
cause the gas hydrate equilibrium pressure to significantly decrease at a given temperature because 
they are enclathrated in large cages of sII hydrates, which results in significant thermodynamic pro-
motion. The gas uptakes and gas storage capacity of the guest molecules are closely related to the 
structure details of the sII hydrate and TBAC semiclathrates.  
However, these sII hydrate former have several disadvantages to their use in actual processes. 
They are highly volatile and toxic, indicating that an additional process for further purification of the 
gas phase and complete recovery from the liquid phase is required after use. A significant loss after 
repeated use can also be expected because of their high volatility. In addition, when compared with 
water-miscible promoters, the liquid phase of CP needs more vigorous agitation to enhance the gas - 
liquid contact area for gas hydrate formation because of its immiscibility in water, which suggests a 
larger energy requirement for the actual application. In addition, the CO2 enrichment in THF (5.6 
mole%) hydrate formation has low gas separation, approximately 36 % CO2. CP (5.6 mole%) hydrate 
dissociation has expected to have similar behavior in the gas separation process. Unlike THF and CP, 
TBAC is non-volatile and far from toxic, but their thermodynamic promotion capability is comparable 
to or more significant than THF and CP. In addition, they are completely soluble in water and the gas 
separation rate is higher than THF and CP hydrate. Due to their significant thermodynamic stability 
and guest gas enclathration ability, TBAC semiclathrates have been investigated as an alternative to 
gas hydrates for gas storage and separation. 
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5.2.3. Raman spectroscopic analysis 
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Figure 5.5. Raman spectra of the CO2 + N2 hydrate, CO2 + N2 + THF hydrate, CO2 + N2 + TBAC 
semiclathrate, and CO2 + N2 + CP hydrate. The Raman peak located next to 2324 cm-1 originated 
from the N2 vapor used for cooling. 
 
(Figure 5.5.) shows the Raman spectra of the CO2 (20%) + N2 (80%) hydrate, CO2 (20%) + 
N2 (80%) + THF (5.6 mol%) hydrate, CO2 (20%) + N2 (80%) + TBAC (3.3 mol%) semiclathrate, and 
CO2 (20%) + N2 (80%) + CP (5.6 mol%) hydrate. The CO2 (20%) + N2 (80%) gas hydrate, known to 
form sI hydrate, shows three Raman peaks. Two peaks for the CO2 molecules were observed at 1276 
cm-1 and 1380 cm-1, and one peak for the N2 molecules was observed at 2324 cm−1. However, the 
Raman spectra of the CO2 + N2 + THF and CP hydrates, known to form sII hydrate, exhibited two 
Raman peaks for CO2 molecules at 1274 cm-1 and 1380 cm-1 and one Raman peak for the N2 mole-
cules at 2324 cm-1, whereas they had several Raman peaks for the THF and CP molecules enclathrated 
in the hydrate lattices. In addition, the Raman spectra of the CO2 + N2 + TBAC semiclathrate exhibit-
ed two Raman peaks for CO2 molecules at 1273 cm-1 and 1380 cm-1 and one Raman peak for the N2 
molecules at 2324 cm-1, whereas they had many Raman peaks for the TBA+ enclathrated in the semi-
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clathrate lattices. The CO2 and N2 molecules can be enclathrated in both small 512 cages and large 
51262 cages of sI hydrate. However, Raman spectra cannot offer detailed information about cage occu-
pancy and guest distribution in the clathrate lattices. The Raman spectrum of the CO2 molecules en-
clathrated in the sI hydrate provides no peak splittings and accordingly, no one-to-one correspondence 
between the cages and Raman peaks. Furthermore, N2 molecules captured in both small and large 
cages of the sI hydrate have only one Raman peak at 2324 cm−1 because N2 molecules are so small 
that the symmetric N-N vibration of the N2 molecules are not distinguishable in different cages of gas 
hydrates. However, a wavenumber shift (1276 cm−1 to 1274 cm−1) indicating the sII hydrate or (1276 
cm−1 to 1273 cm−1) indicating the semiclathrate for the enclathrated CO2 molecules was observed, and 
this can be attributed to a slight difference in the size and environment of the small 512 cages, which 
are common for sI and sII gas hydrate and TBAC semiclathrates.  
This study is the first to use thermodynamic and Raman spectroscopic analyses to investigate 
and compare the thermodynamic stability, gas uptakes, and CO2 capture performance of clathrates 
formed from THF, TBAC, and CP targeting post-combustion CO2 capture from flue gas. TBAC semi-
clathrate-based CO2 capture has many advantages over the gas hydrate-based process because TBAC 
is non-volatile and non-toxic, and this can form semiclathrates at a significantly lower pressure and 
higher temperature conditions. The TBAC semiclathrate is a good candidate material for post-
combustion CO2 capture from flue gas. 
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5.3. Conclusions 
 
The thermodynamic stability, gas uptakes, and CO2 distributions in empty cages were inves-
tigated formed from post-combustion gas mixture + aqueous solutions of THF, TBAC, and CP. The 
CO2 (20%) + N2 (80%) + clathrate systems showed noticeably stabilized equilibrium conditions when 
compared with the CO2 (20%) + N2 (80%) gas hydrate system. TBAC (3.3 mol%) semiclathrate had 
the most significant thermodynamic stability among the THF and CP in this study at 3.1 MPa. Even 
though the CP (5.6 mol%) semiclathrate had the highest gas uptake and the steepest changes in CO2 
concentration in the vapor phase, CO2 selectivity in the THF and CP hydrate phase was lower than 
TBAC (3.3 mol%) semiclathrate. In all the cases, the CO2 concentration in the semiclathrate phase 
after the completion of semiclathrate formation was found to be approximately 60% at 3.1 MPa and 
ΔT of 5.0 K, whereas the CO2 concentration in the THF and CP hydrate phase were found to be ap-
proximately 34.0%. This gas composition analysis was indicated that the TBAC had higher enrich-
ment of CO2 in the semiclathrate phase than THF and CP hydrate phase at stoichiometric concentra-
tion, respectively. A further comparison between TBAC and another promoter THF and CP also found 
that TBAC performed better in reducing the semiclathrate formation pressure requirement, increasing 
CO2 enrichment. The results provided that the semiclathrate formation with TBAC as a promoter is 
promising for separating CO2 from post-combustion gas. Both CO2 and N2 molecules are enclath-
rated in the cages of the clathrate was confirmed from the Raman spectra. The experimental results 
obtained in this study provide fundamental information required to design and develop a clathrate-
based CO2 capture process from post-combustion flue gas. 
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Chapter VI 
Pre-combustion CO2 capture using TBAC semiclathrates 
 
6.1. Introduction 
 
Figure 6.1. The Concept of clathrate-based CO2 capture from fuel gas. 
 
 (Figure 6.1) depicted the concept of clathrate-based CO2 capture form fuel gas. The pre-
combustion CO2 capture is mainly applicable to coal-based gasification plants. The fuel source reacts 
with oxygen in the gasifier to create syngas. This syngas is added to a WGSR for converting carbon 
monoxide (CO) to carbon dioxide (CO2). With the entire pre-combustion process, the fossil fuel is 
chemically converted into two pure gas streams of CO2 and H2. From this gas cleanup process, low-
grade fuels can be turned into high-grade fuels which can be burned to make electricity or be used for 
other industrial applications. Pre-combustion CO2 capture processes and their applications (Figure 
6.2). Ultimately, the CO2 should be captured by the most eco-friendly and efficiency way. The future 
investigation will be conducted for CO2 capture and H2 separation by clathrates formation process.  
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Figure 6.2. Pre-combustion CO2 capture processes and their applications. 
 
The most promising options of clathrate-based CO2 capture from the fuel gas mixture is 
clathrate formation, because CO2, whose hydrate equilibrium condition is remarkably milder than H2, 
is expected to be enriched in the clathrate phase, resulting in the high selectivity of CO2 in the clath-
rate phase. In this study, TBAC, semiclathrate former, was taken as clathrate-based CO2 capture pro-
cess from fuel gas for achieving a wider study than previous studies. Clathrate phase equilibria in the 
presence of semiclathrate former would be greater than that of CO2 and H2 hydrate, since CO2 and H2 
hydrate form at higher pressure and lower temperature conditions. In general, treated synthesis gas 
coming out of fuel gas in an IGCC power station consists of approximately 40% CO2 and 60% H2 
mixture at a total pressure of 2.5–8.0 MPa approximately. According to preliminary experimental re-
sults, the TBAC semiclathrate systems are significantly more stable than the gas hydrate system. 
Clathrate-based CO2 capture from pre-combustion fuel gas was investigated in the presence of TBAC. 
The thermodynamic stability of the CO2 (40%) + H2 (60%) + clathrate was examined with an iso-
choric method using a high pressure reactor. The gas uptake and CO2 concentration changes in the 
vapor phase during clathrate formation were measured to analyze the preferential gas occupation in 
the clathrate phase. CO2 concentrations in the vapor and clathrate phases after the completion of 
clathrate formation were measured to provide the CO2 selectivity. The enclathration of guest mole-
cules in the clathrate lattices was confirmed with a micro-Raman spectrometer. In addition, the semi-
clathrate stability conditions and heat of dissociation values in the presence of TBAC with fuel gas are 
will be provided using a high pressure micro-differential scanning calorimeter (HP μ-DSC). 
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6.2. Results and discussion 
 
6.2.1. Stability conditions of TBAC semiclathrates 
 
Table 6.1. Three phase equilibrium data with CO2 (40%) + H2 (60%) gas mixture. 
1.0 mol%  3.3 mol%  5.0 mol% 
T/K P/MPa  T/K P/MPa  T/K P/MPa 
285.9 1.32 
 
289.6 1.38 
 
288.6 1.35 
287.3 2.68 
 
290.9 2.94 
 
289.6 2.80 
288.2 4.09 
 
291.6 4.33 
 
290.3 4.08 
289.2 6.04 
 
292.1 5.79 
 
291.0 5.78 
289.8 7.93 
 
292.7 7.90 
 
291.5 7.89 
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Figure 6.3. Three-phase equilibria of the CO2 + H2 + TBAB, TBAC, and TBAF + water systems. 
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(Figure 6.3.) presents three-phase (clathrate (H) - liquid water (Lw) - vapor (V)) equilibria for 
the CO2 (40%) + H2 (60%) + TBAB (3.7 mol%), TBAC (1.0, 3.3, and 5.0 mol%), and TBAF (3.4 
mol%) + water systems, and the overall experimental data are summarized in (Table 6.1.). TBAC 
clathrate is most stable at 3.3 mol% solutions, which correspond to stoichiometrics concentrations of 
TBAC·29.7H2O. The phase equilibrium results indicate that clathrate formed from clathrate formers 
can offer a significant thermodynamic promotion which represents a pressure reduction at any given 
temperature or a temperature increase at any given pressure when compared with gas hydrates. In par-
ticular, as seen in (Figure 6.3.), gas hydrate with CO2 (40%) + H2 (60%) requires equilibrium pres-
sures as high as 5.0 MPa even at 273.0 K. Since gas hydrate formation requires high pressure and low 
temperature, clathrate-based CO2 capture from a flue gas is difficult to apply in the actual process. 
However, in the presence of TBAC clathrate former, the gas hydrate equilibrium pressure can signifi-
cantly decrease at a given temperature. 
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6.2.2. Gas uptake and composition measurements of QAS semiclathrates 
 
In this study, changes in the gas uptake and CO2 composition during semiclathrate formation 
were measured to examine the gas storage capacity and the preferential separation of CO2 in the clath-
rate phase. The final CO2 compositions in the vapor and clathrate phases for the TBAB, TBAC, and 
TBAF clathrate are compared in (Figure 6.4.). For these experiments, the equilibrium cell was 
charged with 50 cm3 of aqueous solutions, respectively, and the driving force (ΔT), which is defined 
as the temperature difference between the equilibrium and experimental temperatures, was set as 5.0 
K at 4.0 MPa for TBAB (3.7 mol%), TBAC (1.0 and 3.3 mol%), and TBAF (3.4 mol%) semiclathrate 
and 8.0 MPa for TBAC (1.0 and 3.3 mol%). After the completion of each clathrate formation with 
CO2 (40%) + H2 (60%), the final CO2 concentration in the vapor phase was first measured, and then, 
the CO2 composition of the retrieved gas from the clathrate phase was measured. The initial 40.0% 
CO2 from the fuel gas mixture was introduced, more than 93.0% CO2 was enriched in semiclathrate 
phase.   
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Figure 6.4. CO2 concentrations in the vapor and clathrate phases at ΔT = 5.0 (for gas hydrate at 
275.15 K and ΔP = 8.0 MPa) (a) for the solutions with stoichiometric concentrations of each clathrate 
structure at 4.0 MPa (b) for TBAC 1.0 and 3.3 mol%) solutions at 4.0 and 8.0 MPa.  
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Figure 6.5. Gas uptake curves for the CO2 (40%) + H2 (60%) during clathrate formation at ΔT =5.0 K 
and (4.0 and 8.0 MPa). 
 
The gas uptake result of the CO2 (40%) + H2 (60%) + TBAC (1.0 and 3.3 mol%) semi-
clathrate formation is shown in (Figure 6.5.). The accumulated amount of gas consumed during semi-
clathrate formation is expected to be equivalent to the total amount of gas captured in the vacant cages 
of the clathrate. The gas uptakes for each semiclathrate were expressed as the ratio of moles of con-
sumed gas to moles of initially charged water, and are closely related to the number of vacant cages 
available for capturing CO2 and H2 gas molecules. The experimental results clearly show that the 
TBAC (3.3 mol%) clathrate had the larger gas uptake than the TBAC (1.0 mol%) semiclathrate for-
mation.  
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Figure 6.6. Changes in CO2 composition in the vapor phase at ΔT =5.0 K and (4.0 and 8.0 MPa). 
 
(Figure 6.6.) shows the changes in the CO2 composition in the vapor phase during clathrate 
formation. The CO2 concentrations in the vapor phase continued to decline during clathrate formation, 
because CO2 is more selective captured in the clathrate phase than H2. The CO2 concentration rapidly 
dropped just after nucleation, gradually stabilized, and finally became almost constant after 1h. The 
change of CO2 concentration in the vapor phase is strongly affected by the sort and concentration of 
promotor. The TBAC (3.3 mol%) semiclathrates had a drastic drop in the CO2 concentration in the 
vapor phase, whereas the TBAC (1.0 mol%) semiclathrates had a slight slow change in the CO2 con-
centration; for the TBAC (3.3 mol%) semiclathrate from 40.0% to 34.0%, for the TBAC (1.0 mol%) 
semiclathrate from 40.0% to 36.0% at 4.0 MPa, and for the TBAC (3.3 mol%) semiclathrate from 
40.0% to 32.0%, for the TBAC (1.0 mol%) semiclathrate from 40.0% to 35.0% at 8.0 MPa. 
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6.2.3. Raman spectroscopic analysis 
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Figure 6.7. Raman spectra of the CO2 + H2 hydrate, pure TBAC semiclathrate, and CO2 + H2 + 
TBAC semiclathrate.  
  
(Figure 6.7.) shows the Raman spectra of the CO2 (40%) + H2 (60%) hydrate, the pure 
TBAC (3.3 mol%) semiclathrate, and the CO2 (40%) + H2 (60%) + TBAC (3.3 mol%) semiclathrate. 
The the CO2 (40%) + H2 (60%) gas hydrate, known to form sI hydrate, shows three Raman peaks. 
Two peaks for the CO2 molecules were observed at 1276 cm-1 and 1380 cm-1, and one peak for the H2 
molecules was observed at 4126 cm−1. The Raman spectra of the CO2 (40%) + H2 (60%) + TBAC 
semiclathrate exhibited two Raman peaks for CO2 molecules at 1273 cm-1 and 1380 cm-1 and one 
Raman peak for the H2 molecules at 4126 cm-1, whereas they had many Raman peaks for the TBA+ 
enclathrated in the semiclathrate lattices. The CO2 and H2 molecules can be enclathrated in both small 
512 cages and large 51262 cages of sI hydrate. However, Raman spectra cannot offer detailed infor-
mation about cage occupancy and guest distribution in the clathrate lattices. The Raman spectrum of 
the CO2 molecules enclathrated in the sI hydrate provides no peak splittings and accordingly, no one-
to-one correspondence between the cages and Raman peaks. A wavenumber shift (1276 cm−1 to 1273 
cm−1) indicating the semiclathrate for the enclathrated CO2 molecules was observed, and this can be 
attributed to a slight difference in the size and environment of the small 512 cages, which are common 
for sI gas hydrate and TBAC semiclathrates.   
122 
 
6.2.4. Differential scanning calorimeter (DSC) measurements 
 
The three-phase (H-Lw-V) equilibria of the CO2 + H2 + TBAC (3.3 mol%) + water systems 
and the CO2 + TBAC (3.3 mol%) + water systems that were measured using both the conventional 
isochoric method (pVT) and the DSC method are depicted in (Figure. 6.8.). The semiclathrate equilib-
rium point measured using the HP μ-DSC was located precisely in each three-phase equilibrium line 
of the corresponding the CO2 + H2 + TBAC (3.3 mol%) + water systems and the CO2 + TBAC (3.3 
mol%) + water systems semiclathrate, which were obtained using the conventional isochoric method 
(pVT). In addition, (Figure 6.8.) presents the dissociation enthalpies (ΔHd) of the CO2 + H2 + TBAC 
(3.3 mol%) + water systems and the CO2 + TBAC (3.3 mol%) semiclathrate as a function of pressure. 
In the pressure range from 0.1 to 10 MPa, the dissociation enthalpies of the CO2 + TBAC (3.3 mol%) 
semiclathrate were higher than that of the CO2 + H2 + TBAC (3.3 mol%) semiclathrate and increased 
with increases in the pressure of H2. The dissociation enthalpy (ΔHd) is a very important thermophys-
ical property of semiclathrates because it is closely related to the amount of heat required for the sem-
iclathrate formation/dissociation in real semiclathrate-based gas storage and capture processes.  
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Figure 6.8. (a) Semiclathrate phase equilibria of the CO2 + H2 + TBAC (3.3 mol%) + water systems 
and the CO2 + TBAC (3.3 mol%) + water systems. (b) Dissociation enthalpies (ΔHd) of the CO2 + 
H2 + TBAC (3.3 mol%) semiclathrates as a function of pressure.   
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6.3. Conclusions 
 
The thermodynamic stability, gas uptakes, and CO2 distributions in empty cages were inves-
tigated formed from post-combustion gas mixture + aqueous solutions of TBAC. The CO2 (40%) + 
H2 (60%) + clathrate systems showed noticeably stabilized equilibrium conditions when compared 
with the CO2 (40%) + H2 (60%) gas hydrate system. The TBAC (3.3 mol%) semiclathrate at 8.0 MPa 
had the highest gas uptake and the steepest changes in CO2 concentration in the vapor phase. In all the 
cases, the CO2 concentration in the semiclathrate phase after the completion of semiclathrate for-
mation was found to be more than 93% at all experiments. This gas composition analysis was indicat-
ed that the TBAC had highly enrichment of CO2 in the semiclathrate phase. Both CO2 and H2 mole-
cules are enclathrated in the cages of the clathrate was confirmed from the Raman spectra. The exper-
imental results obtained in this study provide fundamental information required to design and develop 
a clathrate-based CO2 capture process from pre-combustion fuel gas. This study is the first to use 
thermodynamic and Raman spectroscopic analyses to investigate and compare the thermodynamic 
stability, gas uptakes, and CO2 capture performance of clathrates formed from TBAC targeting pre-
combustion CO2 capture. TBAC semiclathrate-based CO2 capture has many advantages over the gas 
hydrate-based process because TBAC is non-volatile and non-toxic, and this can form semiclathrates 
at a significantly lower pressure and higher temperature conditions. The TBAC semiclathrate is a 
good candidate material for pre-combustion CO2 capture from fuel gas. 
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Chapter VII 
Conclusion 
 
Clathrate hydrates have many potential applications such as CO2 capture/sequestration, natu-
ral gas storage/transportation, hydrogen storage, and desalination. However, the major limitation of 
gas hydrate-based applications is that they require high pressure and low temperature conditions for 
gas hydrate formation. To overcome this concern, gas hydrate formation needs to be performed at a 
much milder pressure and temperature conditions. Semiclathrates, which share many physical and 
chemical properties with gas hydrates, could be an attractive alternative to gas hydrates.  This is be-
cause in general, they can maintain their thermodynamic stability under atmospheric pressure condi-
tions. In this study, I’m focusing on the clathrate-based CO2 capture with thermodynamic promoters 
from flue and fuel gas mixtures. 
Clathrate-based CO2 capture from flue gas was investigated in the presence of thermody-
namic promoters such as TBAB, TBAC, TBAF, THF, and CP. The thermodynamic stability of the 
CO2 (20%) + N2 (80%) + promoter was examined with an isochoric method. The gas uptake and CO2 
concentration changes in the vapor phase during clathrate formation were measured to analyze the 
preferential gas occupation in clathrate phase. CO2 concentrations in the vapor and clathrate phases 
after the completion of clathrate formation, were measured to provide the CO2 selectivity based on the 
types of promoters used. The enclathration of guest molecules in the semiclathrate lattices was con-
firmed with a micro-Raman spectrometer. 
 
In chapter 3, QASs were investigated as a thermodynamic promoters. The enclathration of 
guest gases such as CH4, CO2, and N2 in QAS semiclathrates and their potential application to natural 
gas storage and CO2 capture were examined with a primary focus on stability condition measurements 
and cage filling characteristics. 
 
(1) Maximum promotion effect at TBAC concentration was 3.3 mol%, Less promotion effect 
over TBAC concentration was 1 mol%.  
(2) The dissociation enthalpy of TBAC∙29.7H2O was found to be 166.53 kJ/mol∙semi-clathrate. 
(3) The phase behaviors clearly demonstrated that the double CH4 (or CO2, N2) + QAS semi-
clathrates yielded a significantly enhanced thermodynamic stability.  
(4) The cage-dependent 13C NMR chemical shift identified CH4 molecules enclathrated in the 
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small 512 cages of the double QAS semiclathrates. CO2 and N2 inclusion in the double QAS 
semiclathrate was also confirmed using Raman spectroscopy.  
 
In chapter 4, I investigated semiclathrate-based CO2 capture from the flue gas mixture of 
fossil fuel-fired power plants in the presence of in the presence of various quaternary ammonium salts 
(QASs). This includes tetra-n-butyl ammonium bromide (TBAB), tetra-n-butyl ammonium chloride 
(TBAC), and tetra-n-butyl ammonium fluoride (TBAF) with a primary focus on the thermodynamic, 
kinetic, and spectroscopic aspects. 
(1) The semiclathrate phase equilibria of the quaternary CO2 (20%) + N2 (80%) + QAS 
semiclathrates + water mixtures showed that TBAC solutions form semiclathrates with 
guest gases at significantly stabilized pressure and temperature conditions.  
(2) The TBAF semiclathrate with CO2 (20%) + N2 (80%) showed the most significant equi-
librium pressure reduction at a specified temperature. However, the TBAC semiclathrate 
had the highest gas uptake and steepest CO2 concentration change in the vapor phase, 
which indicates the largest gas storage capacity for CO2 capture. 
(3) CO2 was found to be selectively captured and thus enriched to approximately 60% in the 
semiclathrate phase.  
(4) CO2 selectivity was independent of the type of QASs used. 
(5) Raman spectroscopic results demonstrated that both CO2 and N2 are captured in the 
TBAC semiclathrate lattices and that there is no structural transition due to the enclath-
ration of guest gases.  
 
In chapter 5, clathrate-based CO2 capture from the simulated flue gas mixture was investi-
gated in the presence of tetrahydrofuran (THF) as a water-soluble sII hydrate former, cyclopentane 
(CP) as a water-insoluble sII hydrate former, and tetra-butyl ammonium chloride (TBAC) as a semi-
clathrate former. 
(1) The clathrate stabilities of the CO2 (20%) + N2 (80%) + promoters + THF (1.0 and 5.6mol%), 
TBAC (1.0 and 3.3mol%), and CP (1.0 and 5.6mol%)) systems were measured using an iso-
choric method. Thermodynamic stability  : THF < CP < TBAC below 4.5 MPa 
(2) The gas consumption was TBAC < CP < THF at stoichiometric concentration.  
(3) The 5.6 mol% THF solution showed the largest gas uptake during the clathrate formation, but 
it demonstrated the lowest CO2 concentration (35 %) in the clathrate phase after the comple-
tion of clathrate formation.  
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(4) TBAC solutions exhibited approximately 60% CO2 concentrations in the clathrate phases re-
gardless of TBAC concentration.  
(5) The inclusion of CO2 in the clathrate phase was confirmed via Raman spectroscopy.  
 
In In chapter 6, TBAC semiclathrate-based CO2 capture from the simulated fuel gas mixture 
was investigated. This chapter is primarily focused on the thermodynamic, kinetic, and spectroscopic 
aspects at difference pressure and concentration condition.  
(1) The phase equilibria showed that the TBAC (3.3 mol%) semiclathrate with CO2 (40 %) + H2 
(60 %) was significantly stabilized when compared with pure gas hydrate.  
(2) The enclathration of guest molecules in the small cages was confirmed via in-situ Raman 
spectroscopy.  
(3) The gas uptake of TBAC (1.0 and 3.3 mol%) semiclathrate was investigated at 4.0 and 8.0 
MPa pressure conditions.  
(4) The CO2 concentration in the semiclathrate phase was found to be approximately 93 %.  
 
In this work, I suggested post- and pre- combustion CO2 capture using QAS semiclathrate 
formation. This study is the first attempt to investigate the thermodynamic stability and gas uptakes of 
the CO2 + N2 + promoter clathrates and CO2 + H2 + promoter clathrates for post-and pre-combustion 
CO2 capture from flue and fuel gas. It was found from the experimental results that the semiclathrate-
based CO2 capture can be feasible due to their high thermodynamic stability and favorable enclath-
ration characteristics of guest gases when compared with hydrate-based CO2 capture.  
The suggested semiclathrate-based CO2 capture process consists of two process units of gas 
capture and release. When CO2 from flue gas is selectively captured in the semiclathrate phase, the 
clathrate slurry is transferred to the dissociation unit. Then, the semiclathrate is dissociated by either 
heating or pressure decrease. Released heat during clathrate formation can be recovered and reused in 
the dissociation unit. The dissociated solution can be recycled to the gas capture unit. This indicates 
that the semiclathrate-based capture is eco-friendly through solution recycle and heat recovery be-
tween the semiclathrate formation and dissociation units.  
Various methods such as membrane separation, cryogenic separation, and solvent absorption 
have been developed for CO2 capture. However, these methods have several drawbacks such as the 
high energy requirement for regeneration, high solvent toxicity, low selectivity, and high corrosion. 
One method increasing attention is clathrate-based gas separation, which is formed only from water 
molecules and thus, is less energy intensive and environment-friendly. In addition, the separated CO2 
can recover thought the temperature increasing or pressure release. These simple processes required 
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lower energy consumption than other CO2 capture methods, such as adsorption and absorption meth-
od, which required high energy consumption and high material cost. It should be noted that clathrate-
based CO2 capture method still has limitations since there is a low storage capacity of the semiclath-
rate. This caused the increasing of gas capture unit size and handling flow rates, which is increasing 
the energy penalty. Moreover, it will be conducted for further investigation to increase the conversion 
of water to clathrate for application to the actual process. However, the obtained results can be a fun-
damental key and expanded into the potential applications of clathrates such as CO2 sequestration, 
natural gas storage/transportation, hydrogen storage, and desalination. 
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